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Abstract This study was conducted to investigate the
effect of the collapse of the endogenous antioxidant
enzymes, namely, catalase (CAT), glutathione peroxidase
(GSH-Px) and superoxide dismutase (SOD) in post-mortem
(PM) chicken thigh muscles on the extent of lipid and
protein oxidation and the functionality of the muscle in
terms of water-holding. To fulfil this objective, the samples
were divided into two treatments: one group of muscles
(n = 8) was subjected to delay cooling (DC) (at ~ 37 °C
for 200 min PM) and then stored at 4 °C for 24 h. The
second group (n = 8) was subjected to a normal cooling
(NC): samples were immediately chilled at 4 °C for 24 h.
DC samples presented a decrease in 16% of CAT, 25%
GSH-Px and 20% SOD activity in relation to NC. Con-
sistently, an increase of 36% of total carbonyl, 15% of
Schiff bases and 27% of TBA-RS and 14% of tryptophan
depletion was observed in DC samples, as compared to
NC. The results suggested that DC challenged muscles to
struggle against oxidative reactions, consuming
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endogenous antioxidant defenses and causing protein and
lipid oxidation which in turn affect the quality and safety of
chicken meat. These results emphasize the role of PM
oxidative stress on chicken quality and safety. Antioxidant
strategies like fast cooling may be combined with others
(dietary antioxidants) to preserve chicken quality against
oxidative stress.
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Introduction

In post-mortem (PM) muscle, the unbalance of the
endogenous antioxidant defenses towards the generation of
reactive oxygen species and other reactive compounds,
promote oxidative stress in chicken meat. Oxidative stress
in meat systems implies the oxidative damage to significant
muscle components such as lipids and proteins (Estévez
2015). Among the assorted chemical changes induced by
oxidative reactions in proteins, the loss of tryptophan
residues and thiols and the accretion of carbonyl moieties
and Schiff Bases, are commonly analyzed in raw and
processed meat products (Estévez 2011; Carvalho et al.
2017; Utrera et al. 2014a; Rysman et al. 2016; Soladoye
et al. 2015). Besides the impact of lipid and protein oxi-
dation on meat quality traits such as texture, flavor and
color, current studies have emphasized the that particular
oxidation products may exert noxious effects on consumers
upon intake and intestinal uptake, with these being
involved in the pathogenesis of serious disorders (Estévez
and Luna 2017).
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In accordance to the aforementioned, it seems
unavoidable to study the chemistry fundamentals of the
oxidative reactions occurred in chicken meat from the farm
to the fork and therefore, guarantee the utmost quality and
safety. The incidence of oxidative reactions in PM muscle
is intensely affected by the pH decline and denaturation of
muscle proteins, as they may be responsible for the release
of enzymes implicated in maintaining the redox home-
ostasis of the muscle cell. Muscle enzymes such as catalase
(CAT), glutathione peroxidase (GSH-Px) and superoxide
dismutase (SOD) are known for contributing to control pro-
oxidant factors and protect lipid and proteins against oxi-
dation in PM muscle (Liu et al. 2014). The loss of home-
ostasis during meat aging, which includes the collapse of
the above mentioned endogenous antioxidant defenses,
leads to an increased susceptibility of lipids and proteins to
suffer oxidative degradation owing to the concurrence of
pro-oxidants [i.e. Reactive Oxygen Species (ROS), iron,
peroxides...] and susceptible muscle components. The
severity of the oxidative stress suffered by PM muscle is of
enormous interest as the damage at this stage is retained
until food intake and make the whole system more sus-
ceptibility to further oxidative reactions.

The evolution of temperature and the rate and extent of
pH decline exert considerable effects on the oxidative
stability of muscle tissue and on various meat quality
attributes and (Carvalho et al. 2017; Lesiow and Xiong
2013). The association between low pH value and high
carcass temperature induces a fast glycolytic metabolism
and an extensive denaturation of myofibril protein with a
consequent loss of meat quality attributes and the onset of
meat abnormalities such a Palid, Soft and Exudative (PSE)
chicken meat (Carvalho et al. 2017; Wilhelm et al. 2010).
After slaughter, in combination with denaturation and
proteolysis, muscle proteins also undergo oxidative dam-
age with subsequent impact on protein functionality, meat
quality and safety (Estévez 2015; Estévez and Luna 2017).

Thus, the objective of this research was to investigate
the effects of PM temperature fall on the ability of CAT,
GSH-Px and SOD enzymes to protect muscle tissue against
oxidative damage to lipids and proteins and the influence of
such reactions on particular broiler meat quality traits such
as water-holding capacity.

Materials and methods

Chemical compounds

All chemicals were of analytical grade and were purchased
from Panreac (Panreac Quimica, S.A., Barcelona, Spain),

Merck (Darmstadt, Germany), and Sigma Chemicals
(Sigma-Aldrich, Steinheim, Germany). Water used was
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purified by passage through a Milli-Q system (Millipore
Corp., Bedford, MA, USA). Chicken meat (peroneus
longus muscle) was obtained from a local slaughterhouse.

Materials and experimental design

A total of 16 female Ross broilers (308 lineage, 34 days of
age and 1.8 kg) were slaughtered and processed in a
slaughterhouse in Caceres (VerAvic, S.L.). Water was
provided ad libitum while animals were deprived of feeds
10 h before slaughter. A commercial corn-soybean meal
diet was used and the broilers were transported (155 km) to
the slaughterhouse. The birds were stunned using CO,
facility and slaughtered according to standard industry
practices, which consisted of hanging, bleeding, scalding,
defeathering and evisceration. The carcasses were ran-
domly allocated into two groups 5 min after slaughter
(T ~ 38.5 °C). One group (n = 8) were placed in separate
plastic bags (ziploc bags) and stored at ~ 37 °C in an
oven (JP Selecta-2001244, Barcelona, Spain) for 200 min
to generate delay cooling (DC). This procedure was
replicated from that originally reported by Lesiow and
Xiong (2013). The temperature changes were monitored
full time using an internal thermometer as described below.
After that, the carcasses were placed in separate plastic
bags and stored at 4 °C for up to 24 h for further analysis.
The other group of samples [normal cooling (NC); n = 8]
was held by the hocks on shackles in the commercial cold
room for approximately 60 min. After cooling, the car-
casses (4 °C) were placed in separate plastic bags and
stored at 4 °C for up to 24 h for further analysis. There-
after, thigh muscles were dissected from carcasses and
immediately subjected to color, pH and water holding
capacity measurements as described below. The remaining
samples were placed in plastic bags and kept in a — 80 °C
freezer for determination of antioxidant enzymes (CAT,
GSH-Px and SOD) and protein and lipid oxidation and
other analyses.

Temperature and pH determination

Duplicate measurements of pH and temperature were
applied to each carcass using a portable pH-meter (Crison
pH25, Barcelona, Spain) and thermometer (Testo 735,
Lenzkirch, Germany) by inserting electrodes into the per-
oneus longus M. as described by Carvalho et al. (2014).

Color determination

Color (L*, a*, b*) was measured using a Minolta chro-
mameter CR-300 (Minolta Camera Corp., Meter Division,
Ramsey, NJ) with illuminant D65 and 0° standard observer.
Before each measurement, the chromameter was calibrated
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on the CIE color space system using a white tile. Five
measurements were taken from each sample as previously
described by Carvalho et al. (2014).

Water holding capacity (WHC)
Press method (WHC_p)

WHC was measured in the broiler thigh meat, following
the description made by Hamm (1961) and Carvalho et al.
(2017). After 24 h PM, samples were cut into cubes
1.0 £ 0.01 g. A total of 16 samples was analyzed in
duplicate. Samples were allocated between two pieces of
filter paper and then left under a 1 kg weight for 2 min.
The samples were weighed and WHC was calculated using
the subsequent equation: 100 — [(Wi — W{/Wi) x 100],
where Wi and Wf are the initial and final sample weight,
respectively.

Centrifugation method (WHC_c)

A total of 16 samples were analyzed in duplicate as
described by Honikel (1987), with minor modifications.
Five grams of thigh meat was placed in a plastic bag (zi-
ploc bags) and heated at 70 °C for 30 min in a water bath.
Subsequently, samples were left for cooling at room tem-
perature (21 °C) for 45 min. Later, samples were cen-
trifuged at 500g for 15 min at 4 °C and the supernatant was
discarded. WHC _c was calculated in accordance to the
equation: 100 — [(Wi — W{/Wi) x 100], where Wi and
Wf are the initial and final sample weight, respectively.

Centrifugation method with salt addition (WHC_s)

Five grams of thigh meat was placed in falcon tubes and
added 8 mL NaCl 0.6 M. Samples were then heated at
70 °C for 30 min in a water bath. At the end of the heating
procedure, samples were left at room temperature (21 °C)
for 45 min. WHC_s was determined by the centrifugation
method previously described.

Extraction of antioxidant enzymes

Enzymes were extracted from thigh muscles following the
instructions reported by Mahecha et al. (2011) with minor
modifications. The procedure was performed twice in each
sample. Five grams of each sample was mixed with 35 mL
of ice-cold phosphate buffer (extraction solvent, pH 7.0,
50 mM; disodium phosphate heptahydrate (Na,HPO,.
7H,0) and KH,PO,). Samples were homogenized by
ultraturrax (12,000 rpm, ca. 45 s), then centrifuged (4500g,
40 min, 4 °C) and the supernatant was recovered by fil-
tration using glass wool. The resulting extract was

employed to analyze the activities of catalase (CAT),
glutathione peroxidase (GSH-Px) and superoxide dismu-
tase (SOD).

Catalase (CAT)

CAT activity was assessed following the procedure
described by Aebi (1974), with some modifications as
follows. One hundred pL of the extract (kept in the ice-
bath) was dispensed in a cuvette (1 cm path length), and
2.90 mL of H,O, were added. Promptly, the absorbance
was monitored at 240 nm during 180 s using a spec-
trophotometer (Shimadzu UV-1800, Japan). CAT activity
was expressed in pmol min~' g~' (U/g). One unit (U) of
CAT activity was defined as the amount of extract needed
to decompose 1 pumol of H,O, per min.

Glutathione peroxidase (GSH-Px)

GSH-Px activity was analyzed following a slightly modi-
fied version of the protocol reported by Mahecha et al.
(2011). Six hundred pL of the muscle extract was mixed
with 2.35 mL of 1.13 mM reduced glutathione, 0.57 mM
EDTA, 1.13 mM NaNj and 1.7 units glutathione reductase
in 100 mL phosphate buffer (pH 7.0, 50 mM; disodium
phosphate heptahydrate (Na,HPO4-7H,0) and KH,PO, in
MiliQ water). Twenty-six pL. NADPH solution (17.3 mM),
and 20 pL H,0; solution (30%) were dispensed in cuvettes
(1 cm path length). The absorbance was monitored at
340 nm during 600 s using a spectrophotometer (Shimadzu
UV-1800). The extinction coefficient of 6.220 pL pmol
cm™' for NADPH at 340 nm and 25 °C was used for the
calculation. GSH-Px activity was expressed as pmol of
oxidized NADPH pL ™' min~' g=' (U/g).

Superoxide dismutase (SOD)

SOD activity was measured by assessing the inhibition of
pyrogallol autoxidation in a basic medium in accordance to
the procedure described by Marklund and Marklund
(1974). Fifty pL of pyrogallol (10 mM) were mixed with
2.9 mL of Tris—cacodylic buffer (50 mM with diethylene-
triaminepentaacetic acid, DTPA, pH 8.2). The rate of
pyrogallol autoxidation in presence of 50 pl of muscle
extract was compared to a blank (with 50 pl of buffer),
Increase of absorbance at 420 nm was measured during
360 s using a spectrophotometer (Shimadzu UV-1800).
One unity was taken as the activity that inhibits the pyro-
gallol autoxidation by 50%.
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Protein oxidation
Tryptophan fluorescence measurements

The methodology reported by Estévez et al. (2008) was
followed to assess the concentration of tryptophan in
broiler thigh muscles. Samples were diluted (1:10 w/v)
using 8 M urea in 100 mM sodium phosphate buffer (pH
6.0) using an ultraturrax. Two mL of 6 M GuHCI in
20 mM sodium phosphate buffer (pH 6.5) was added to
0.5 mL of the muscle homogenate and vortexed. After
subsequent dilutions (1:1000 v/v) samples were transferred
to a 4 mL quartz cuvette with four flat walls (101-QS
10 x 10 mm, Analytics Hellma). The excitation wave-
length was set at 283 nm while the emission spectrum for
tryptophan fluorescence was recorded between 300 and
400 nm (Perkin-Elmer LS 55 Luminescence spectrometer,
Beaconsfield, UK). Data were recorded at 500 nm per
minute while the excitation and emission slit widths were
established at 10 nm. Tryptophan concentration was cal-
culated using a N-acetyl-L-tryptophan amide (NATA)
standard curve ranging from 0.1 to 0.5 pM. Results were
expressed as mg NATA equivalents per 100 g of sample.

Determination of total protein carbonyls

The total carbonyl content was analyzed following the
dinitrophenylhydrazyl method (DNPH) method as reported
by Ganhao et al. 2010) with minor modifications. One
gram of thigh meat was homogenized 1:10 (w/v) in 20 mM
sodium phosphate buffer containing 0.6 M NaCl (pH 6.5)
using an ultraturrax. Two twin samples of 0.15 mL were
taken from the homogenates and dispensed in 2 mL
eppendorf tubes. Proteins were precipitated by cold 10%
TCA (1 mL) and subsequently centrifuged at 4500g for
3 min. For protein concentration measurement, one sample
was treated with 1 mL 2 N HCI while the sample aimed for
carbonyl concentration measurement was treated with an
equal volume of 0.2% (w/v) DNPH in 2 N HCI. Both
samples were left to stand at room temperature for 1 h and
stirred regularly (every 20 min). Proteins from samples
were eventually precipitated by 10% TCA and washed
twice with 1 mL ethanol:ethyl acetate (1:1, v/v). Proteins
were then treated with 1.5 mL of 20 mM sodium phos-
phate buffer containing 6 M guanidine HC1 (pH 6.5) and
centrifuged at 2000g for 2 min. Protein was quantified by
measuring absorbance at 280 nm using bovine serum
albumin (BSA) as standard. A number of carbonyls was
expressed as nmol of carbonyl per mg of protein using an
absorption coefficient of 21.0 nM~' ¢cm™" at 370 nm for
protein hydrazones.
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Analysis of Schiff bases

The method proposed by Estévez et al. (2008), with some
modifications, was applied to analyze Schiff bases in
broiler muscles. Sample homogenates were prepared fol-
lowing the procedure previously described for tryptophan
analysis. After dilution (1:20 v/v), samples were transferred
to a 4 mL quartz cuvette with four flat walls (101-QS
10 x 10 mm, Analytics Hellma). The excitation wave-
length was set at 350 nm while the emission spectrum for
tryptophan fluorescence was recorded between 400 and
500 nm (Perkin-Elmer LS 55 Luminescence spectrometer,
Beaconsfield, UK). Data were recorded at 500 nm per
minute while the excitation and emission slit widths were
established at 10 nm. Results were expressed as units of
fluorescence intensity emitted by Schiff bases structures at
450 nm. These values were corrected according to the
protein concentration of each sample by applying a cor-
rection factor (C; = P/P,) where P, is the total average of
the amount of protein from all samples and Py, is the con-
tent of protein in each sample.

Determination of TBARS numbers

Lipid oxidation was assessed in thigh meat by means of
thiobarbituric acid-reactive substances (TBA-RS) using the
assay proposed by Ganhao et al. (2011). Thigh meat (2.5 g)
was homogenized with 7.5 mL of 3.86% perchloric acid
and 0.25 mL BHT (4.2%), using an ultraturrax. The
homogenate was centrifuged at 4500g for 3 min and sub-
sequently filtered through double filter paper. Two mL of
the filtrate were mixed with 2 mL of 0.02 mol L™' TBA in
perchloric acid (3.86%) in test tubes (duplicate). The test
tubes were first vortexed and then incubated in a water bath
(90-100 °C) for 30 min. All tubes were centrifuged
(4500g for 2 min) and the absorbance was measured at
532 nm using a spectrophotometer (Shimadzu UV-1800,
Japan) against a blank containing 2 mL of 3.86% per-
chloric acid and 2 mL of TBA reagent. The results were
plotted against a standard curve prepared with known
concentrations of tetraecthoxypropane (TEP) and expressed
as mg malondialdehyde (MDA) per kg of thigh meat.

Statistical analysis

Statistical analyses were performed using SPSS software
and two samples independent 7 test was used to determine
the level of significance between two treatments: DC and
NC. Principal Component Analysis (PCA) and Pearson
correlations were calculated for testing correlations
between variables. Significance level (p) was set at
p < 0.05.
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Results and discussion
Effect of cooling rate on biochemical parameters

The color, pH, WHC_p, WHC_c and WHC_s were
assessed to evaluate the quality of chicken thigh meat
(Table 1). Color (L*, a* and b*) and WHC_s did not sig-
nificantly (p > 0.05) differ between groups. However,
others parameters as pH, WHC_p and WHC_c were sig-
nificantly (p < 0.05) affected by cooling rate. According to
these findings, elevated PM temperatures (~ 37 °C)
accelerated glycolysis depletion in the muscle. These
findings were consistent with Carvalho et al. (2017), who
reported that chicken pectoralis major muscles held at ~
37 °C had increased rates of PM glycolysis, which was
manifested as impaired WHC, higher pH and altered color.
An increased rate of glycogen metabolism was also found
by Lesiow and Xiong (2013) in pork longissimus muscle
exposed to elevated temperatures of 35 °C for 7 h post-
mortem. Furthermore, Carvalho et al. (2017) and Lesiow
and Xiong (2013) found that ultimate pH had a significant
effect on assorted traits linked to the ocurrence of PSE
meat characteristics in broilers and pork, respectively.
These studies emphasized that the early pH decline in PM
muscle was found to be the most influential factor on the
extent of exudation. In addition, data on the biochemical
parameters (Table 1) show to what extent a near body
temperature (~ 37 °C) during rigor development affected
the WHC. The same was also observed by Liu et al. (2014).
The delay cooling (DC) decreased WHC in broilers thigh
meat compared to the normal cooling (NC) treatment.
According to McKee and Sams (1998), an early

Table 1 Measurements of biochemical parameters (means =+ stan-
dard deviations) in thigh chicken meat subjected to normal (NC) and
delayed cooling (DC)

NC DC p value®
L* 55.22% 4+ 4.40 55.33* + 3.20 0.958
a* 2.40% £+ 0.93 2.23* £ 0.41 0.633
b* 0.10* £ 0.77 0.03* + 1.04 0.879
pH 6.37* £ 0.15 6.26" + 0.05 0.019
WHC_p 86.80" + 1.15 84.82° + 0.81 0.001
WHC_c 85.46" + 0.73 84.11° + 1.28 0.022
WHC_s 145.49* + 4.92 144.55% + 6.41 0.747

Color = L*, a*and b*; WHC_p = water holding capacity by press
method; WHC_c = water holding capacity by centrifugation method
and WHC_s = centrifugation method with salt addition

*PMeans within each line with different superscripts are significantly
different (p < 0.05)

AStatistical significance in Student’s T test

development of rigor mortis in turkey meat (pectoralis
major) combined with high carcass temperatures was
responsible for the denaturation of sarcoplasmic proteins
and a subsequent poor WHC. Liu et al. (2014) reported that
a DC resulted in precipitation of phosphorylase and cre-
atine kinase and hence reduction of WHC due to a com-
bination of high temperature and low pH. The potential
influence of the oxidative damage to proteins may have
also played a role in the water functionality of broiler meat
proteins, given the proven role of protein oxidation on
protein functionality (Utrera and Estévez 2012). This will
be discussed in due course.

Activity of antioxidant enzymes

Endogenous antioxidant enzymes play a major role in the
redox status of muscle tissue, and under physiological
conditions, they counteract the pro-oxidant actions of ROS.
SOD, CAT and GSH-Px are among the most active and
efficient enzymatic systems against oxidative stress (Niu
et al. 2017). The effect of cooling rate on the activity of the
antioxidant enzymes in chicken thigh muscle was assessed
(Table 2). SOD and CAT readily neutralize ROS, whereas
GSH-Px regenerates oxidized glutathione, a peptide with
antioxidant properties (Bai et al. 2016; Delles et al. 2014;
Hoac et al. 2006; Mahecha et al. 2011). CAT, GSH-Px and
SOD were found to occur in both DC and NC samples, yet,
in DC samples, a decrease in activity of 16% (CAT), 25%
(GSH-Px) and 20% (SOD) was observed in relation to that
in NC samples. These results suggest that the cooling delay
diminished the activity of the antioxidant enzymes. As far
as I know, the information on the activity of antioxidant
enzymes in poultry thigh muscles in the scientific literature
is scarce. The effect of the delayed cooling could be
explained by denaturation of the enzymes, by the waste
antioxidant components during oxidative reactions occur-
red during the delayed cooling at 37 °C and also by the
inactivation of these enzymes through the oxidation of their

Table 2 Effect of normal (NC) and delayed cooling (DC) on activ-
ities of the antioxidants enzymes (means =+ standard deviations) in
thigh chicken meat

NC DC p value®
CAT 39.02 £ 3.31 32.78 £ 2.71 0.023
GSH-Px 0.52 £ 0.04 0.39 £ 0.04 0.003
SOD 69.38 £ 4.67 54.92 +3.42 0.009

CAT = catalase activity expressed as pmol min~' g~' (U/g); GSH-
Px = glutathione peroxidase activity expressed as pmol of oxidized
NADPH pL ™" min g~' (U/g); SOD = superoxide dismutase activity
expressed as U/g of sample

AStatistical significance in Student’s t-test
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active sites. Therefore, the quantity and activity of
antioxidant enzymes in the living muscles may not neces-
sarily reflect their antioxidant potential as an inappropriate
cooling rate after slaughter may severely lead to a loss of
enzymatic activity in the PM muscle (Carvalho et al. 2017).
These enzymes contribute to diverse mechanisms aimed to
protect cell components against oxidative stress (Delles
et al. 2014; Jiang et al. 2009; Niu et al. 2017). Hence, the
depletion of antioxidant enzymes during delayed cooling
may compromise the susceptibility of broiler thigh muscle
towards oxidation which may eventually lead to elevated
oxidation rates during successive storage and/or industrial
processing (Niu et al. 2017). In good agreement with the
present results, previously studies observed a decrease of
GSH-Px in duck and chicken meat subjected to delayed
cooling and that was revealed as increased lipid oxidation
in such meats during succeeding storage (Hoac et al. 2006).
Moreover, Niu et al. (2017) reported that weak endogenous
antioxidant defenses cause increasing levels of TBA-RS
and ROS in mitochondria which is manifested as oxidative
damage and impaired quality traits in chicken breast meat.

Protein and lipid oxidation

The susceptibility of thigh meat to lipid oxidation was
assessed by TBA-RS levels (Fig. 1a) and higher TBA-RS
numbers (~ 27%) were found in DC samples compared to
the NC counterparts after 24 h of storage. A comparable
outcome was obtained from protein oxidation measure-
ments as assessed by the DNPH method (Fig. 2b). The
formation of protein carbonyl was 36% higher in DC than
in the NC samples. The concurrence of lipid and protein
oxidation in meat systems suggests interactions via recip-
rocal transfer of reactive and non-reactive species between
both biomolecules (Estévez 2015; Soladoye et al. 2015).
The susceptibility of thigh meat from DC to suffer more
intense oxidative reactions affected similarly to both, pro-
teins and lipids (Fig. 1). Under pro-oxidant conditions,
such as those occurred in PM muscle, lipids are oxidized

Fig. 1 Formation of oxidation A
products under normal cooling 0.35
(NC) and delayed cooling (DC)
in chicken thigh meat. a TBA-
RS (mg MDA/kg muscle) and
b protein carbonyls (nmol
carbonyls/mg protein).
Significant differences between
means in Student’s T test are
denoted on top of bars

mDC

o
w

0.25

mg MDA/kg muscle
(=] (=]
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(9] —_ W [\
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earlier than proteins: traces of their oxidative damage are
detected faster than protein oxidation products (Estévez
2011, 2015; Soladoye et al. 2015). Protein carbonyls are
formed in as a result of the oxidative deamination of cer-
tain amino acids (lysine, proline and/or arginine) (Estévez
2011). The oxidation of lipids and the occurrence of pro-
tein carbonyls are certainly governed by different mecha-
nisms (Estévez 2011; Soladoye et al. 2015). However, the
peroxidation of polyunsaturated fatty acids as well as
protein carbonylation, are initiated by radical species (i.e.
superoxide and hydroxyl radicals). It is worth mentioning
that the enzymes under study specifically catalyze the
decomposition or stabilization of radical species. There-
fore, the inactivation of CAT, SOD and GSH-Px during the
delayed cooling process may have decisively contributed to
the oxidation of lipids and proteins in DC samples.
Enzymes such as SOD and CAT have been found to
effectively counteract the harmful effect of ROS on pro-
teins from diverse meats such as pork (Chen et al. 2010),
beef (Utrera et al. 2014b) and poultry (Delles et al. 2014).
Other measurements of the oxidative damage to proteins,
such as the formation of Schiff basis and the depletion of
tryptophan in chicken thigh meat, were consistent with the
results presented above (Figs. 2a, b, 3a, b, respectively).
The concentration of tryptophan was significantly low
(~ 14%) in DC samples in relation to NC after 24 h PM.
Conversely, 15% higher values were obtained for Schiff
bases in DC samples compared to NC after 24 h PM as
seen in Fig. 2b. Tryptophan is readily oxidized in the
presence of ROS and hence, its depletion usually indicates
oxidative damage to meat and poultry proteins (Estévez
2015). Given that tryptophan is implicated in assorted and
relevant biological functions, the oxidation of this essential
amino acid should be regarded as a remarkable nutritional
loss (Estévez et al. 2008; Estévez 2011). The current results
show that a delayed cooling leads to a more intense
degradation of tryptophan in broiler thigh muscles, hence,
affecting its nutritional value and quality.

NC uDC NC

_m
o

nmol carbonyls/mg protein
s o o o
N -

S
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Fig. 2 Measurements of A mDC
tryptophan (a) and Schiff bases 12
(b) under normal cooling (NC)
and delayed cooling (DC) 10
chicken thigh meat. g
a tryptophan in mg NATA/g *“é 8
protein and b Schiff bases in &
fluorescence intensity. %0 6
Significant differences between <
means in Student’s T test are z
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Fig. 3 Overlay of similarity map of thigh meat samples and
computed variables in principal component analysis (PCA). DC = de-
lay cooling, NC =normal cooling, WHC_p = press method.
WHC_c = centrifugation method. WHC_s = centrifugation method
with salt addition, CAT = catalase (CAT), GSH-Px = glutathione
peroxidase SOD = superoxide dismutase activity, DNPH = protein
carbonyls TBA-RS = thiobarbituric acid-reactive substances, SB =
Schiff base and Tryp = tryptophan

Schiff bases (Fig. 2b) are fluorescent products formed as
a result of the reaction between carbonyls from both lipid
and protein oxidation and secondary amines (Estévez
2011). In meat systems, amino groups from the side chains

NC B uDC NC

700

=
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S o S
S S S
=1

300
200

fluorescence intensity

100

of alkaline amino acids such as lysine establish crosslinks
with carbonyl moieties leading to Schiff base formation
(Utrera et al. 2014a, b). Compared to NC samples, those
subjected to a delayed cooling, were expected to have
higher concentration of Schiff bases given the higher
concentration in these samples of protein carbonyls and
lipid-derived aldehydes (Fig. 1a). The formation of protein
crosslinks in meat systems such as Schiff bases is thought
to contribute to increasing meat consistency and toughen-
ing (Soladoye et al. 2015).

The negative impact of oxidative reactions on food
quality and its nutritional value have been recurrently
reported (Soladoye et al. 2015). Conversely, the impact of
protein oxidation on nutritive and health aspects are
otherwise disregarded though the intake of oxidized pro-
teins is associated to in vivo oxidative stress and the onset
and chronic diseases in experimental animals and humans
(Estévez and Luna 2017). Hence, an early muscle cooling
treatment can preserve the endogenous antioxidant defen-
ses of broiler muscle tissues and thus contribute to
diminishing lipid and protein oxidation in broiler thigh
meat, enhancing, as a result, its nutritional value and safety.

To establish interconnections between variables and
corroborate some of the above explained hypothesis, a
Principal Component Analysis was carried out (Fig. 3). As
expected, the physico-chemical properties and oxidation
markers measured in the present study enabled a clear
discrimination between NC and DC broiler thigh meat in a
PCA. PCI and PC2 explained 50.4% and 16.6% of the total
variance, whereas PC3 and PC4 explained 15.4% and 7.3%
respectively. DC group was located in the negative axis of
the PC#1 and defined by high rates of oxidative stress,
proteolysis and poor ability to hold water. On the opposite
side of the similarity map, NC group was located close to
the antioxidant enzymes, normal pH values and WHC.
Hence, significant and negative correlations were found
between protein oxidation markers, such as DNPH, and
WHC_p (r =0.71) and WHC_c (r = 0.52), and TBA-RS
with WHC_p (r = 0.72) and WHC_c (r = 0.59). Figure 4

@ Springer



1378

J Food Sci Technol (March 2019) 56(3):1371-1379

Fig. 4 Proposed mechanisms
for the observed effects of
cooling on the meat quality and
oxidative systems in chicken
thigh meat. WHC = water
holding capacity,

CAT = catalase, GSH-

Px = glutathione peroxidase
SOD = superoxide dismutase
activity, TBA-

RS = thiobarbituric acid-
reactive substances,

SB = Schiff base and

tryp = tryptophan
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summarizes the proposed mechanisms by which delay
cooling may influence the oxidative damage to proteins and
that, in turn, affect the water holding capacity of the
chicken thigh meat.

Conclusion

Oxidative reactions are inserted into the center of the
biochemical reactions having an influence on the altered
quality of meat subjected to delayed PM cooling. Proteins
from delay cooling of chicken thigh meat are more sus-
ceptible to oxidative stress due to lower pH, an impaired
activity of endogenous antioxidant enzymes (CAT, GSH-
Px and SOD), and other biochemical changes occurred in
postmortem meat such as proteolysis. Though some rele-
vant technological consequences of these reactions have
already been identified here, other studies may clarify the
extent to which the nutritional value and safety of such
chicken meat is affected by a delayed cooling rate.
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