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A B S T R A C T

A pork model system containg phenolic extracts (citrus, rosemary, and acerola), traditional Spanish food in-
gredients (paprika, garlic, and oregano), or natural nitrate sources (beet, lettuce, arugula, spinach, chard, celery,
and watercress) were oxidized by an hydrophilic (OXHydro, 2,2′-azobis(2-amidinopropane)-dihydrochloride;
AAPH) or lipophilic (OXLip, 2,2′-azobis(2,4-dimethylvaleronitrile; AMVN) radical initiator. Citrus as well as
lettuce and spinach protected almost fully against protein thiol loss and showed efficient radical scavenging
activity as determined by ESR spectroscopy in both oxidizing systems. Rosemary was an efficient radical sca-
venger in both systems, but behaved as a prooxidant on thiols in the OXHydro system. Acerola was also found to
be prooxidative as determined by increased radical signal intensity especially in the OXLip system, assigned to
high concentration of ascorbate in the extract. Natural nitrate sources, especially lettuce and spinach, are ac-
cordingly potential substitutes for synthetic phenolic antioxidants protecting against protein thiol oxidation and
radical formation in pork.

1. Introduction

Protein oxidation has been defined as a covalent modification of
proteins induced by reactive species during oxidative stress (Xiong,
2010). These modifications are caused by the same oxidants (H2O2,
metal-catalysts like Fe and Cu, and reactive oxygen species) that induce
lipid peroxidation, and may alter protein myofibrillar structure in meat
through several reaction pathways. The alteration is initially related to
loss in thiol groups and carbonyl formation induced by the presence of
Fe or Cu generating reactive oxygen species (ROS) via the Fenton re-
action (Jongberg, Lund, & Skibsted, 2017). A recent study demon-
strated that thiol groups were the predominant target of protein oxi-
dation in meat (Zainudin, Poojary, Jongberg, & Lund, 2019). Thiol
groups (R-SH) are the functional group of a cysteine residue, and when
the thiols oxidizes in meat they become destroyed and may form

disulfides (R-S-S-R), sulfenic acid (R-SOH), sulfinic acid (R-SOOH) or
sulfonic acid (R-SOOOH) (Lund, Heinonen, Baron, & Estévez, 2011).
Additionally, reaction of protein side chains with secondary lipid oxi-
dation products like ketones and aldehydes are all found to modify the
myofibrillar proteins (Xiong, 2010). Collectively, these reactions pro-
duce protein modifications that alter the myofibrillar proteins, affecting
gelation and emulsification in effect modifying the textural properties
of the meat. This alteration does not only affect to the organoleptic
quality, but may also increase free radical generation with an impact on
food safety human health (Estévez, 2011; Xiong, 2010).

Synthetic antioxidative additives in the production of meat product,
such as sulphites, BHT (butylated hydroxytoluene), and BHA (butylated
hydroxyanisole) are used to prohibit oxidation during processing and
storage and the corresponding consequences hereof on flavour and
nutritive value (Soubra, Sarkis, Hilan, & Verger, 2007). However, high
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consumption of these compounds has been associated with the devel-
opment of asthma, hyperactivity, and even cancer, among other chronic
diseases (Chang & Pan, 2008; Clough, 2014; Soubra et al., 2007).
“Clean label” processing has for long been an emerging area to reach a
more healthy and sustainable meat production. Application of natural
extracts from herbs and vegetables has successfully been used to sub-
stitute the traditionally used additives for the protection of lipids and
colour against oxidative changes in meat and meat products (Falowo,
Fayemi, & Muchenje, 2014). However, the protective effects against
protein oxidation are limited investigated, and the potential anti-
oxidative mechanisms are not clear.

Natural extracts from citrus fruits (Citrus sinensis), acerola (Malpiguia
emarginata), and rosemary (Rosmarinus officinalis L.) have shown pro-
mising antioxidant and antimicrobial efficiency due to their composi-
tion rich in phenolic compounds and vitamin C, which also have shown
beneficial health effects (Alu’datt et al., 2018; Andrade, Ribeiro-Santos,
Costa-Bonito, Saraiva, & Sanches-Silva, 2018; Franco-Vega et al., 2016;
Moura & de Oliveira, 2018). In Spanish gastronomy several traditional
ingredients, such as paprika, from red peppers (Capsicum annum), or-
egano (Origanum vulgare), and garlic (Allium sativum), have also been
reported to have important antioxidative and antimicrobial health ef-
fects, because of their composition rich in capsaicin, phenolic, and or-
ganosulfur compounds (Baranauskaite et al., 2017; Petropoulos et al.,
2018; Serrano et al., 2018). Furthermore, natural sources of nitrate
obtained from leafy green vegetables are being used in various food
products, such as organic meat products, to replace the widely used
synthetic nitrate and nitrite (Alahakoon, Jayasena, Ramachandra, & Jo,
2015; Bahadoran et al., 2016). A previous study has shown promising
antioxidant effects of these natural nitrate substitutes from beet, let-
tuce, arugula, watercress, celery, spinach, and chard, and also anti-
microbial activity against Clostridium perfringens (Martínez, Bastida,
Castillo, Ros, & Nieto, 2019).

Oxidative changes in meat may be initiated in the aqueous phase by
iron or myoglobin catalyzed processes involving hydrogen peroxides or
in the lipid phase from enzymatically generated lipid peroxides, which
are subject to cleavage by heat treatment. In order to identify anti-
oxidants effective for protecting against oxidative deterioration in both
phases, free radical processes need to be initiated in a controlled
manner in each of the two meat phases. Hydrophilic AAPH and lipo-
philic AMVN are free radical initiators and constitute a good pair for
such a comparison of antioxidants, as the formation rate of free radicals
can be modified depending on the initiator concentration and reaction
temperature to mimic conditions in meat during processing and sto-
rage. The formation of radicals in dried meat model systems with low
water activity can be followed by electron spin resonance (ESR) spec-
troscopy measuring directly without application of spin trapping agents
(Jongberg, Tørngren, Gunvig, Skibsted, & Lund, 2013; Koutina,
Jongberg, & Skibsted, 2012; Nissen, Huynh-Ba, Petersen, Bertelsen, &
Skibsted, 2002; Nissen, Månsson, Bertelsen, Huynh-Ba, & Skibsted,
2000) enabling evaluation of the radical scavenging activity of poten-
tial antioxidants. The ESR technique has now been show to be a ver-
satile metod for detection of early events during oxidative changes in
different types of food using measurements at low water activity
(Sartori, Alencar, Bastos, d’Arce, & Skibsted, 2018; Stapelfeldt, Nielsen,
& Skibsted, 1997).

The intension of this study was to bring about knowledge on how
natural protectants in the form of nitrate in vegetables and phenolics
from herbs and spices affect protein oxidation in pork products to meet
an increasing demand in society for natural products and plant-derived
ingredients as alternatives to traditional used additives. The aim of the
present work was to investigate and compare the antioxidative activ-
ities of phenolic-rich extracts (citrus, acerola, and rosemary), tradi-
tional Spanish ingredients (paprika, garlic, and oregano), and leafy
green vegetables as natural sources of nitrate (beet, lettuce, Arugula,
spinach, chard, celery, and watercress) in a meat model oxidized by a
hydrophilic or lipophilic radical initiator. Protein oxidation was

evaluated by analysis of thiol oxidation and radical formation by ESR
spectroscopy.

2. Materials and methods

2.1. Chemicals

Reagents used in the present study were: MES monohydrate (2-(N-
Morpholine)ethanesulfonic acid); tris (hydroxymethyl)aminomethane;
SDS (sodium dodecyl sulfate); bovine serum album (BSA); L-cysteine;
DTNB (5,5′dithiobis(2-nitrobenzoic acid); AAPH (2,2′-azobis(2-amidi-
nopropane)dihydrochloride); AMVN (2,2′-azobis(2,4-dimethylvaler-
onitrile); ethanol (EtOH) 99.9%. Analytical-grade chemicals and des-
tilled-deionized (MilliQ) water were used throughout.

2.2. Natural extracts and ingredients

Natural extracts used were divided in three groups: i) phenolic ex-
tracts, ii) traditional Spanish ingredients, and iii) natural nitrate sources
from green leaf vegetables. Phenolic extracts chosen were citrus, ro-
semary, and acerola. Citrus (from sweet orange and bitter orange) and
rosemary extracts were supplied by Nutrafur-Frutarom Group
(Alcantarilla, Murcia, Spain), while the acerola extract was supplied by
Ferrer Alimentación, S. A. (Barcelona, Spain). The phenolics present in
the citrus extracts contained 55.1% hesperidin, while the phenolics in
the rosemary extract contained 14.6% carnosic acid, 5.8% carnosol, and
0.6% 12-O-methylcarnosic acid (Martínez et al., 2019). The acerola
extract contained 0.4–0.6 g ascorbic acid per 100 g extract (Martínez
et al., 2019). The traditional ingredients paprika, garlic powder, and
oregano were purchased in a local supermarket, Hipercor, S. A.
(Murcia, Spain). Natural nitrate sources were prepared from green leaf
vegetables: beet, lettuce, arugula, spinach, celery, chard, and water-
cress bought in Hipercor, S. A. (Murcia, Spain). In brief, vegetables
were chopped removing the fibrous parts, mixed with 150 mL of water
and crushed using a Thermomix® (12 °C, 5 min, 10,500 rpm) until a
homogeneous mix was obtained. Vegetable mixtures were frozen for
48 h at −80 °C and lyophilized using a freeze dryer (Telstar, Cryodos
−80).

2.3. Oxidation meat model system

Three kg of pork loin was purchased from a local Danish super-
market (Coop A/S, Frederiksberg, Denmark). Initially, fat was removed,
and the meat was cut into cubes of 1 × 1 × 1 cm, vacuum-packed in
bags of 50 g, and kept at −18 °C until analysis. Frozen vacuum-packed
meat was thawed and minced using a grinder (12 °C, 2 min, 500 rpm).
1.5 g were homogenized in 12.5 mL of 0.05 M MES buffer, pH = 5.8,
together with phenolic extracts (citrus, rosemary, acerola), traditional
Spanish ingredients (paprika, garlic, oregano), or natural nitrate
sources (beet, lettuce, arugula, spinach, celery, chard, and watercress)
according to the concentrations presented in Table 1. The concentra-
tions were selected based on the concentrations of ingredients applied
in traditional Spanish “Chorizo” (Martínez et al., 2019) and complying
to Spanish and European law (RD 474/2014 and R (UE) 2015/647)
establishing 250 mg kg−1 of nitrate as the maximum safety limit.
Concentrations are given in mg kg−1 based on the weight of the meat
model system (meat and buffer). A previous study applying the three
same extracts found that 250 mg kg−1 acerola was comparable to
500 mg kg−1 citrus or rosemary for the protection against color and
odor deterioration in chorizo for up to 6 days (Martínez et al., 2019).
The increased activity of acerola was ascribed to the high concentration
of ascorbic acid in the extract. During homogenization using an Ultra
Turrax T25 at 11,600 rpm for 30 sec samples were kept on ice to reduce
oxidation. Subsequently, the azo-initiators, 2,2’-azobis(2-amidinopro-
pane)dihydrochloride (AAPH) diluted in MilliQ water (0.54 mM as final
concentration) or 2,2’-azobis(2,4-dimethylvaleronitrile (AMVN) diluted
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in 99.9% EtOH (3 mM as final concentration) were added as hydro-
philic oxidation initiator (OXHydro), or lipophilic oxidation initiator
(OXLip), respectively. Immediately after addition of the azo-initiators,
samples were placed in a water bath under agitation at 37 °C for
200 min to oxidize the meat model system. After oxidation, thiol groups
were quantified, and the remaining meat model system was frozen to
−80 °C, and lyophilized for the analysis of free radical intensity by ESR
spectroscopy. All samples were prepared in minimum triplicates, and
on all days of analysis a non-oxidized control (C-NoOX) was included.
The non-oxidized control (C-NoOX) contained only meat and no oxi-
dation initiator, but was otherwise treated similarly to the samples.

2.4. Thiol analysis

The thiol groups concentration was determined after derivatization
by 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) (Ellman, 1959). An ali-
quot of 0.5 mL meat model system samples was diluted with 1.5 mL 5%
sodium dodecyl sulfate (SDS) disolved in 0.10 M tris(hydroxymethyl)-
aminomethane (TRIS) buffer (pH = 8.0) and mixed. Samples were
placed in a water bath heated to 80 °C for 30 min, and then centrifuged
at 3000 rpm for 20 min. The thiol and protein concentration were
measured following the method described by Jongberg et al. (2013).
For that, the supernatants were filtered (0.45 µm), and the protein
concentration was determined spectrophotometrically at 280 nm using
a standard curve prepared from BSA. Parallelly, the thiol concentration
was determined by mixing 500 µl sample, 2 mL of 5% SDS (pH = 8.0)
and 500 µl of 0.01 M DTNB dissolved in 0.10 M TRIS buffer (pH = 8.0).
The absorbance at 412 nm was measured spectrophotometrically before
addition of DTNB (Abs412-before) and after reaction with DTNB (Abs412-
after). Samples were protected against light, allowing reaction for ex-
actly 30 min. All samples had a control tube where natural extracts
were analysed without pork following the same procedure. The value
obtained from these analyses was subtracted from sample values to
avoid any interference between extracts and reagents. The thiol con-
centration was calculated based on a 7-point standard curve ranging
from 0 to 750 µM prepared from L-cysteine diluted in 5% SDS
(pH= 8.0), where 0 was used as blank sample (Abs412-blank). Hence, the
absorbance corresponding to the thiol concentration in the samples was
Corr. Abs412 = Abs412-after − Abs412-before − Abs412-blank. The thiol

concentration was expressed as percentage relative (mean ± sd) to the
C-NoOX. Minimum three independent replicates were conducted for
each sample. The analysis of C-NoOX, as well as the standard curve
from L-cysteine, were repeated each day of analysis.

2.5. Protein radical intensity by ESR spectroscopy

Lyophilized samples were transferred to clear fused quartz ESR
tubes (inner diamater 4 mm, wall 0.5 mm, Wilmad, Buena, NJ, USA) to
reach a minimum 4 cm filling of the tube. The tubes were placed in the
cavity of a MiniScope MS-5000 electron spin resonance (ESR) spectro-
meter with the following settings: microwave power: 4 mV, center field
334 mT, sweep width: 7.5 mT, sweep time: 20 sec, modulation width:
0.2 mT, amplitude 5.3 · 102, time constant: 0.03 sec, accumulations: 4.
Spectral manipulation using the ESRStudio signal processing (Freiberg
Instruments GmbH, Freiberg, Germany) was applied for the presenta-
tion of selected ESR spectra. The variation in filling density of the tubes
was found to be < 3%, hence this factor was not included in the data
analysis, and the peak height of each obtained ESR spectrum is ac-
cordingly proportional to the radical intensity.

2.6. Dose-dependence activity of nitrite

The dose-dependent effect of nitrite on the thiol group concentra-
tion and protein radical intensity in the oxidizing meat model system
was investigated by addition of NaNO2 (0.001–6000 mg kg−1

final
concentrations) to the meat model system oxidized by AAPH or AMVN.
The meat model systems prepared with nitrite were subjected to thiol
analysis and protein radical intensity by ESR spectroscopy as described
above in 2.4 and 2.5, respectively.

2.7. Statistic analysis

Data were analyzed with the statistical package SPSS 23.0
(Statistical Package for the Social Science for Window (IBM, Armonk,
New York, USA). The effects on the meat model system were analyzed
using ANOVA, post-hoc test. A value of P < 0.05 was considered
statistically significant. Pearson’s correlation was applied to test dif-
ferences between groups.

3. Results and discussion

3.1. Initiation of oxidation in the meat model system

The concentration of protein thiols in the control pork meat model
system (C-NoOX) was found to be 48.4 ± 4.0 mmol/mg protein, and is
comparable to previous results reported by Jongberg, Tørngren, and
Skibsted (2018) in brine-injected pork loins. Subjecting the meat model
system to oxidation by the hydrophilic initiation system (OXHydro) or
the lipophilic initiation system (OXLip) resulted in thiol concentrations
of 25.5 ± 2.7 mmol/mg protein and 26.8 ± 2.5 mmol/mg protein,
respectively. The thiol concentration in the oxidized meat model sys-
tems are presented as relative values compared to the C-NoOX, which
represents 100% (Fig. 1). Analysis of the meat model system subjected
to the OXHydro or OXLip system resulted in 51.6% and 53.3% thiol
groups, respectively.

Electron Spin Resonance (ESR) spectroscopy evaluates the radical
formation from the absorption of electromagnetic energy by radicals/
unpaired electrons. Subjecting the lyophilized meat model systems to
ESR spectroscopy showed a signal in the magnetic field of 336 mT.
Representative spectra are shown in Fig. 2, and the radical signal in-
tensity determined as the peak height of radical signal is presented in
Fig. 3. Radicals were generated in the meat model system by addition of
AAPH (OXHydro) and AMVN (OXLip), which generate peroxyl radicals
that react rapidly to extract hydrogen atoms from oxidation substrates
present in the meat model system. Hence, the measured radical

Table 1
Concentrations, total phenolic content (TPC) and total nitrate content (TNC) of
the phenolic extracts, traditional ingredients, and natural nitrate sources ap-
plied in an oxidizing pork meat model system.

Ingredients Solventa Concentration (mg
kg−1)

TPC (mg kg−1

GAE)b
TNC (mg
kg−1)b

Phenolic extracts
Citrus MES 500 8.4 Nd
Rosemary EtOH 500 8.5 Nd
Acerola MES 250 0.1 Nd
Traditional ingredients
Paprika EtOH 30,000 512 0.7
Garlic MES 4000 3.5 0.2
Oregano EtOH 4000 57.6 0.2
Natural nitrate sources
Beet MES 1500 3.2 2.1
Lettuce MES 1500 2.2 1.1
Arugula MES 1500 4.4 1.7
Spinach MES 1500 3.8 1.4
Chard MES 1500 4.2 1.8
Celery MES 1500 1.2 1.4
Watercress MES 1500 5.0 0.7

Nd: No data found.
a Solvents are 2-(N-morpholine)ethanesulfonic acid (MES) and ethanol

(EtOH).
b TPC and TNC data were obtained from previous research (Martínez et al.,

2019) and calculated based on model system weight.
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intensity can be considered as a measure of the initial radicals formed in
the meat model system. Quantification of radicals represents accord-
ingly a method for meat oxidation assessment and the scavenging ac-
tivity of added potential antioxidants (Jongberg et al., 2018). C-NoOX
showed a radical signal intensity of 80.8 ± 3.9 AU, while the meat
model systems subjected to OXHydro or OXLip resulted in 222.6 ± 9.4
and 256.6 ± 11.6 AU, respectively, indicating an increase in radicals
signal intensity of 175% and 218%, respectively (Fig. 3). These incre-
ments are directly related to the oxidation status of the meat model

system.

3.2. Phenolic extracts

Evaluation of the effects of the phenolic extracts on thiol loss in the
two oxidizing systems, OXHydro or OXLip is shown in Fig. 1. In the fol-
lowing, thiol loss will be used as the general term for describing the
changes in thiol concentration as the applied method does not distin-
guish between the multiple possible thiol oxidation products, e.g. dis-
ulfides (R-SS-R), sulfenic acid (R-SOH), sulfinic acid (R-SOOH), or
sulfinic acid (R-SOOOH), but only quantifies the remaining intact thiol
groups. Additionally, in the presence of phenolic compounds, meat
proteins thiols may react in nucleophile addition with quinones, which
are the oxidation product of phenols (Jongberg, Lund, Waterhouse, &
Skibsted, 2011; Wang et al., 2018). The complexity of a meat matrix
and the overall lack of methodologies impede the differentiation be-
tween thiols lost due to oxidation, or thiols lost due to reaction with
quinones, hence, the term thiol loss is used throughout. Result from the
thiol analysis showed that Citrus was a more effective antioxidant
against protein thiol loss as compared to acerola and rosemary, espe-
cially in the OXHydro system (Fig. 1A). Rosemary was found to be
slightly, though significantly, prooxidative in the OXHydro system
(Fig. 1A). Evaluation of the radical scavenging activities of the phenolic
extracts showed that rosemary efficiently scavenged radicals to a level
similar to the non-oxidized control (C-NoOX) (Fig. 3A). Citrus also
showed protective radical scavenging activities being most effective in
the OXHydro system. In contrast, acerola showed significant prooxidant
activities especially in the OXLip system leading to 7-fold increase in
radical signal intensity as compared to the C-NoOX (Fig. 3A).

The antioxidant capacity of citrus may be due to its high con-
centration of hesperidin (55%). Hesperidin is a bioflavonoid glycoside
and is a sugar-bound form of the flavonoid hesperetin and rutinose,
whose antioxidant capacity lies in the high number of hydroxyl groups

Fig. 1. Percentage thiol groups in meat model sys-
tems oxidized by AAPH (OXHydro) or AMVN (OXLip)
after addition of phenolic extracts (Citrus
(500 mg kg−1), Acerola (250 mg kg−1) and
Rosemary (500 mg kg−1)) (A), traditional in-
gredients (Paprika (30000 mg kg−1), Garlic
(4000 mg kg−1) and Oregano (4000 mg kg−1)) (B),
or natural nitrate sources (1500 mg kg−1 Beet,
Lettuce, Arugula, Spinach, Celery, Chard or
Watercress) (C) relative to a control meat model
system without oxidant (C-NoOX). All data points
represent the mean ± sd of triplicated determi-
nations. Different letters (a-i) indicate significant
differences between samples (p < 0.05).

Fig. 2. Representative spectra obtained by ESR of the control (C-NoOx) and the
oxidized samples added APPH and AMVN (OxHydro and OxLip). The radical in-
tensity presented in Fig. 3 is measured as the height of the signals.
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(Fig. 6). The chemical structure may explain the radical scavenging
activity of citrus in the meat model system subjected to OXHydro or
OXLip as evidenced in Fig. 3, protecting the thiols from oxidation and
maintaining a thiol concentration comparable to C-NoOX (Fig. 1A). A
recent study by Martínez et al. (2019) demonstrated the potent anti-
oxidative activity of citrus by several antioxidant assays (ORAC, FRAP,
ABTS, and DPPH). Gravador et al. (2014) also showed promising an-
tioxidant effects of dried citrus pulp, rich in naringin and hesperidin,
when incorporated endogenously by the diet in lamb meat. The present
study showed the ability of citrus flavonoids to delay the oxidation by
keeping the thiol concentration as well as the radical signal at the same
level as the non-oxidized control (C-NoOX).

Rosemary showed a prooxidant effect on the thiols in the meat
model system subjected to OXHydro resulting in a lower thiol group
concentration than the oxidized control model systems (Fig. 1A). Ro-
semary was in contrast found to effeciently scavenge radicals in both
oxidizing systems as determined by ESR spectroscopy (Fig. 3A). Ro-
semary extract from Rosmarinus officinalis L. herb contained 14.59%
carnosic acid, 5.84% carnosol, and 0.60% 12-O-methylcarnosic acid of
the total amount of phenolics present in the extract (Martínez et al.,
2019). Wang et al. (2018) showed in a recent study on myofibrillar
proteins that thiol groups were lost by high rosmarinic acid addition
(60 or 300 µM/g protein), whereas a low dose of rosmarinic acid
(12 µM/g protein) partially prevented the thiol loss. The same study
also demonstrated cross-linking of myofibrillar proteins due to the
multiple reaction sites on rosmarinic acid, including the two ο-catechol
rings. Jongberg et al. (2011) demonstrated that thiol loss by addition of
phenolic compounds to meat products results in the formation of
covalent bonds between protein thiol groups and quinones as oxidized
ο-catechol. Carnosic acid and carnosol contain one possible site of re-
action (Jongberg et al. (2013), and it is likely that protein thiols in the
present study may have reacted with quinones, in effect reducing the
thiols in the meat model system. Furthermore, these reactions may
terminate both protein and phenoxyl radicals and hereby explain the
low radical signal intensity in both oxidizing systems. Jongberg et al.

(2013) obtained comparable results in Bologna type sausages prepared
from oxidatively stressed pork which was protected from protein oxi-
dation by rosemary extract, and as was seen again in the present study.

The antioxidative activity of acerola against thiol loss was more
pronounced in the OXLip system as compared to the OXHydro system.
Acerola has been associated with nutritional and terapeutic properties
that are due to the high content of vitamin C, which may vary between
1.2 and 1.8% (Lima, Melo, Maciel, Prazeres, & Musser, 2005). More-
over, high concentrations of carotenoids, group B vitamins, and mi-
nerals such as Fe, Ca, and P have been found in acerola (Lima et al.,
2005; Müller, Gnoyke, Popken, & Böhm, 2010). Ascorbic acid degrades
to dehydroascorbic acid (DHA) when oxidized, in effect protecting
other substrates against oxidation, including the thiols. In presence of
reducing agents, such as phenolic compounds, DHA may be regenerated
to ascorbic acid, which again can act as an electron donor (Becker,
Nissen, & Skibsted, 2004). The combination of trace metals and as-
corbic acid in a system containing azo-initiators generating peroxyl
radicals may facilitate Fenton reactions, and in this sense, acerola be-
comes prooxidative as evidenced by the high radical signal intensity
(Fig. 3). As reviewed by Becker et al. (2004), ascorbic acid may in
combination with lipid soluble antioxidants also generate synergistic
effects. Acerola contains lipid soluble β-, and α-carotene or lutein (Lima
et al., 2005; Müller et al., 2010) that are able to reduce radicals gen-
erated by AMVN directly in the lipid phase, orienting the radical species
towards the interface to the aqueous phase, where the radicals may be
transferred to ascorbic acid in the aqueous phase serving as an electron
donor to the carotenoid.

The significantly increased radical signal intensity of acerola in the
OXLip system may also be explained by the formation of ascorbyl ra-
dicals produced through scavenging of radicals generated by AMVN in
the OXLip system. A similar increase in radical intensity was observed by
Tsuchiya et al. (2002) in a system containing erythrocyte membranes
and ascorbic acid oxidized by AMVN, and this increment in radicals was
described the accumulation of ascorbyl radicals. However, the high
concentration of ascorbic acid would be expected also to result in a high

Fig. 3. Radical signal intensity in meat model sys-
tems oxidized by AAPH (OXHydro) or AMVN (OXLip)
after addition of phenolic extracts (Citrus
(500 mg kg−1), Acerola (250 mg kg−1) and
Rosemary (500 mg kg−1)) (A), traditional in-
gredients (Paprika (30000 mg kg−1), Garlic
(4000 mg kg−1) and Oregano (4000 mg kg−1)) (B),
or natural nitrate sources (1500 mg kg−1 Beet,
Lettuce, Arugula, Spinach, Celery, Chard or
Watercress) (C) relative to a control meat model
system without oxidant (C-NoOX). All data points
represent the mean ± sd of triplicated determi-
nations. Different letters (a-g) indicate significant
differences between samples (p < 0.05).
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radical signal in the OXHydro system as the peroxyl radicals generated
would have direct access to the ascorbic acid. Only a moderate increase
was observed, which may be explained by a rapid formation and faster
degradation of the ascorbyl radicals when the peroxyl radicals are
generated directly in the aqueous phase, where other electron doners
are present.

3.3. Traditional ingredients

Paprika, garlic, and oregano were all able to reduce protein thiol
loss and radical signal intensity in the systems subjected by OXHydro or
OXLip, indicating antioxidant properties of all ingredients (Figs. 1B and
2B). Garlic, paprika, and oregano were all added in high concentrations
as compared to the phenolic extracts (Table 1), and it is likely that the
mere presence of the ingredients will result in an apparent protective
effect. Addition of paprika and oregano to the meat model system in the
present study resulted in 512 and 58 mg kg−1 gallic acid equivalents
(GAE), respectively (Table 1). These concentrations exceed the levels of
GAE introduced by the phenolic extracts by far, but the antioxidant
activities are not proportionally improved. The protecting effect ob-
served for paprika and oregano may not be a direct antioxidant activity,
but perhaps simply a result of the ingredients being oxidized in pre-
ference to other components present in the model system, acting as
“sacrificial compounds” due to their excess concentration (Mathew,
Abraham, & Zakaria, 2015). These observations stress the importance of
applying efficient antioxidants in the production of foods.

All the traditional ingredients showed better protection against
protein thiol loss when the radicals were generated in the lipid pase,
while all the ingredients were found to be better scavengers of radicals
generated in the aqueous pase. This phenomenon was especially ap-
parent for garlic, which however is in contrast to previous reports
showing prooxidative activity of garlic on thiol oxidation in pork patties
(Nieto, Jongberg, Andersen, & Skibsted, 2013). The mechanism behind
this thiol loss was explained by Nagy, Lemma, and Ashby (2007), who
demonstrated that allicin, the principal compound in garlic, reacts with
thiols to form a sulfenic acid and a disulfide from its thiosulfinate ester,
hereby reducing the thiol concentration. Allicin is responsible for nu-
merous beneficial properties by garlic consumption, but not necessarily
for its antioxidant power (Petropoulos et al., 2018). Garlic powder also
contains flavonoids and phenolic acids, such as quercetin, kaempferol,
apigenin, caffeic acid, ferulic acid, vanillic acid, p-hydroxybenzoic acid,
and p-coumaric acid (Martins, Petropoulos, & Ferreira, 2016), which in
the present study may serve as antioxidants. However, the total phe-
nolic content was calculated to be 3.5 mg kg−1 (Table 1), and may
hence not explain the overall antioxidative effect. Okada, Tanaka,
Fujita, Sato, and Okajima (2005) reported the need for a combination of
the allyl (eCH2CH]CH2) and eS(O)Se groups for the antioxidant
action of thiosulfinates in garlic extracts, which may explain this anti-
oxidant protection. Selenium is another important compound from
Garlic that may increase the antioxidant activity (Gorinstein et al.,
2005), a behaviour which was also reported by Nieto, Skibsted,
Andersen, and Ros (2012).

Paprika and oregano also showed antioxidant activity in both sys-
tems (OXHydro and OXLip). Paprika is an oleoresin and its principal
compound is capsaicin (Riquelme & Matiacevich, 2016). This molecule
is bipolar, which means that its catechol ring is hydrophilic while its
amide bond together with its fatty acid chain forms its lipophilic do-
main (Claudino, Jonsson, & Johansson, 2013). Due to the structure
capsaicin may be located in the interface between the lipid and aqueous
phase generating a bridge across the interface. Oregano contains
10–11% of lipids, from which the essential oil is commonly obtained,
but it is also rich in phenolic acids and diterpenes, which are water and
lipid soluble, respectively.

The use of proper concentrations of natural antioxidants from herbs
and spices is important in order to protect thiols as the balance between
pro- and antioxidative effects strongly depends on concentration.

Moreover, the interaction between lipophilic antioxidants and hydro-
philic antioxidants in the interface between the aqueous and lipid phase
may change the effective antioxidant concentration through regenera-
tion.

3.4. Natural nitrate sources

All vegetables extracts were able to reduce thiol loss with lettuce
and spinach being more effective (Fig. 1C). Additionally it was observed
for protection against thiol loss, initiation in the aqueous phase and in
the lipid phase by, OXHydro or OXLip, respectively, had similar effect on
oxidation, except for addition of beet, which showed to be more ef-
fective against thiol loss initiated by OXHydro in the aqueous phase
(Fig. 1C) as compared to initiation by OXLip in the lipid phase. Simi-
larly, when analyzing the radical scavenging activity, all the natural
nitrate sources were able to scavenge the radicals, except for nitrates
from beet in the OXLip system, where a prooxidative activity was ob-
served (Fig. 3C). All other natural nitrate sources reduced the radical
signal intensity, especially the radicals generated in the OXHydro system
(Fig. 3C).

Similarly, for the application of the traditional ingredients, rela-
tively high concentrations were applied to the meat model system
(Table 1), which may induce some degree on sacrificial effect of the
natural nitrate sources. However, the distinct effect of especially lettuce
and spinach as an inhibitor of thiol oxidation in the meat model system
should be further investigated.

A study of the dose-dependence was carried out for the effect of
nitrite in the meat model system. Nitrate or nitrite is commonly added
to meat products for antimicrobial protection. When nitrate is added it
is reduced to nitrite by microbial reductases (Møller, Jongberg, &
Skibsted, 2015). Levels of nitrite applied are normally 60–150 mg kg−1,
but most of it will be lost immediately after addition due to reactions
with meat components (Alahakoon et al., 2015). In the present study,
nitrite was applied in the concentration range from 0.001 to
6000 mg kg−1 to the meat model system subjected to both oxidizing
systems, OXHydro or OXLip, and a clear dose-dependent effect was ob-
served especially in the OXLip system. Nitrite was found to protect
against thiol loss, with optimal efficiency at 37.5 mg kg−1 in the OXLip

system (Fig. 4) . A similar experiment with nitrate was conducted
showing the same tendency, though with less pronounced effects (data
not shown). The high concentration of nitrite (6000 mg kg−1) was
found to have prooxidative effect in both oxidizing systems, whereas all
concentrations applied showed radical scavenging activities (Fig. 5).
Evaluation of the radical scavenging indicated a clear dose-dependent
effect especially for the OXHydro system with the same optimum con-
centration level as for the protection against thiols (Fig. 5).

The concentration of nitrate (TNC) in the meat model systems was

Fig. 4. Percentage thiol groups in meat model systems oxidized by AAPH
(OXHydro) or AMVN (OXLip) after addition of 0, 0.001, 0.5, 37.5, 375, 1500, and
6000 mg kg−1 of NaNO2. All data points represent the mean ± sd of tripli-
cated determinations. Different letters (a-e) indicate significant differences
(p < 0.05) between samples.

L. Martínez, et al. Food Research International 129 (2020) 108789

6



calculated (Table 1) and only little variation occured between samples
(0.7–2.1 mg kg−1), indicating that the concentration of nitrate alone
may not explain the ability of especially lettuce or spinach to inhibit
thiol loss. The low concentrations of nitrate are a result of working with
a meat model system, where the meat and all additives have been di-
luted in the model system buffer. The concentration of nitrate relative
to the content of meat was 0.08–0.23 mg kg−1, approximately. Inter-
stingly, beet was found to have the highest concentration of nitrate, but
show minor antioxidant effect against thiol loss, and even to have
prooxidative activity in the form of increased radical signal intensity.
This clearly indicates a non-proportional relation between nitrate
concentration and antioxidant capacity, which also is stressed by the
significantly higher protective effect against thiol loss of lettuce and
spinach. No clear explanation of the prooxidative activity of beet has
been established. Beet extract is hydrophilic, containing phenolic
compounds, nitrates, pigments, and betanins (Kale, Sawate, Kshirsagar,
Patil, & Mane, 2018). The antioxidant effect may not be ascribed to the
nitrate alone, but other bioactive compounds present in the vegetables
may add to the antioxidative effect. Accordingly, it has been demon-
strated that natural nitrate sources are efficient scavengers against
DPPH and ABTS radicals (Martínez et al., 2019). The phenolic acids
present in the natural nitrate sources (gallic acid, ferulic acid, caffeic
acid, and p-coumaric acid), flavonoids (quercetin, kaempferol, and
apigenin) (Fig. 6), and pigments (betanin from beet), will all contribute
to the antioxidant effect by their functional groups (catechol, gallate,
and hydroxyl). However, as proven by the dose-dependence experi-
ment, nitrite alone clearly protects meat protein thiols (Fig. 4). This
discovery may facilitate the application of nitrate-rich vegetables as
ingredients with multiple protective actions in clean label meat pro-
ducts. Avoiding phenolic extracts in the production will reduce possible
reactions between phenolic compounds and proteins, which can affect
meat texture and protein functional properties (Jia, Wang, Shao, Liu, &
Kong, 2017; Jongberg et al., 2013; Jongberg, Terkelsen, Miklos, &
Lund, 2015; Ozdal, Capanoglu, & Altay, 2013; Tang et al., 2017; Wang
et al., 2018). As for the protection against lipid oxidation in meat
products, no additional effect was obtained from combining nitrite
phenolic rich extract, as compared to nitrite alone (Martínez et al.,
2019). This indicates that nitrate-rich vegetables extracts may serve as
natural antioxidant and antimicrobial agents in meat (Martínez et al.,
2019). Reports describe nitrosilation of thiol groups and proteins,
which happens when NO is produced by nitrate and nitrite reduction
and reacts with free thiols forming nitrosothiol complexes (R-SH-
N = O) (Sullivan & Sebranek, 2012; Wu et al., 2011). However, this
effect was not found in the present study as no additional loss of thiols
was observed.

Generally, it can be concluded that natural nitrate sources may

serve as antioxidants, protecting against thiol loss and radical forma-
tion. For this reason, and combined with previous reports on the pro-
tection of nitrite against lipid oxidation, green leaf vegetables may
potentially substitute addition of synthetic or phenolic antioxidants in
meat products obtaining a clean label product and avoiding interactions
between phenolic compounds and proteins which have been found to
disturb structural properties of meat proteins (Cao & Xiong, 2017;
Jongberg et al., 2015, 2018; Nieto et al., 2013). The complexity of the
investigated matrix constituting meat and natural ingredients un-
fortunately hinders a mechanistic understanding of the antioxidant
properties, and this study alone does not provide sufficient ground for
replacing well-established ingredients, but it may pave the way for
other studies investigating the potential of similar ingredients, perhaps
in simpler model systems, where exact mechanisms can be described.
Hence, more studies are needed to verify this protective effect of nat-
ural nitrate sources on the formation of other potential harmful oxi-
dation products in meat, and importantly application of vegetables rich
in nitrate must of course comply with the legislation in the respective
countries or European Union regarding the use of nitrate in products for
consumption (Regulation EC 1333/2008).

4. Conclusions

Citrus as well as lettuce and spinach were found to protect almost
fully against protein thiol loss in the meat model system initiated by the
hydrophilic initiator, OXHydro and by the lipiphilic initiator, OXLip.. The
same components showed also efficient radical scavenging activity as
determined by ESR spectroscopy, but rosemary was found to be the
most efficient radical scavenger in both the OXHydro and OXLip system.
In contrast, Rosemary was found to behave as a prooxidant in the
OXHydro system when evaluating protein thiol loss. Acerola also acted as
a prooxidant, resulting in elevated radical signal intensity especially in
the OXLip system, owing proposedly to high concentration of ascorbic
acid in the extract. Most importantly it was demonstrated that the
natural nitrate sources were found to protect against protein thiol
oxidation and were able to scavenge radicals in the oxidizing meat
system. This points towards a potential substitution of synthetic or
phenolic antioxidants with natural nitrate sources from green leaf ve-
getables in the production of meat products for the protection against
oxidation and a prolongation of shelf-life.
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