
71

*Corresponding author: e-mail: malgorzata.korzeniowska@upwr.edu.pl

Acta Veterinaria-Beograd 2024, 74 (1), 71-90
UDK: 636.5.087.3 

DOI: 10.2478/acve-2024-0006 Research article

IMPROVEMENT OF ANTIOXIDATIVE ACTIVITY OF BROILER 
MUSCLES AFTER DIETARY MODULATION WITH SELENIUM 
AND METHIONINE

Malgorzata KORZENIOWSKA1*, Bozena KROLICZEWSKA2,  
Wieslaw KOPEC1, Danijela KIROVSKI3, Aleksandra RAJEWSKA1

1The Wroclaw University of  Environmental and Life Sciences, Department of  Functional Food 
Products Development, 37 Chelmonskiego Str., 51-630, Wroclaw, Poland; 2The Wroclaw University of  
Environmental and Life Sciences, Department of  Animal Physiology and Biostructure, 31 Norwida 
Str., 50-375 Wroclaw, Poland; 3University of  Belgrade, Faculty of  Veterinary Medicine, Department for 
Physiology and Biochemistry, Belgrade, Serbia.

(Received 07 June 2023, Accepted 23 January 2024)

 The objective of  the study was to compare the antioxidative capacity of  broiler chicken 
breast and leg muscles after dietary modulation with selenium (Se) and methionine 
(Met). Free radical scavenging (ABTS, DPPH) and iron reduction (FRAP) activities 
were determined as the total antioxidative potential (TEAC), as well the enzyme activity 
of  catalase (CAT), superoxide dismutase (SOD) and glutathione peroxidase (GPx), in 
relation to concentrations of  lipid peroxidation end products (TBARS). Analyses were 
performed on breast m. pectoralis superficialis and profundus individually and together. 
The studied leg muscles included biceps femoris, gastrocnemicus, iliotiobialis, peroneus longus, 
sartorius, semimembranosus, semitendinosus and all leg muscles together. Flex broiler chickens 
were fed diets supplemented with 6.7, 8.2, 9.7 and 11.2 g DL-methionine/kg feed and 
Se as sodium selenite and selenized yeast at 0.26, 0.38 and 0.50 mg Se/kg. Greater 
TEAC and enzyme activities were observed in leg than in breast muscles. Selenium 
did not change TEAC in muscles sets, but improved antiradical capacity in the pectoralis 
major and minor, sartorius and biceps femoris. The highest level of  methionine increased 
TEAC in individual leg muscles. Selenium and methionine at the highest concentrations 
increased SOD activity in the entire group and individual muscles, while Se raised GPx 
activity. In conclusion, the diet supplementation with selenium and high concentrations 
of  methionine had a greater impact on the antioxidative potential of  individual than 
the whole set of  chicken breast and leg muscles. The positive effect of  the studied diet 
modulation could raise the quality and extend the shelf-life of  fresh chicken meat.
Keywords: antioxidative enzymes, chicken individual muscles, methionine, selenium, 
total antioxidative potential
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INTRODUCTION

The total antioxidative potential (TEAC) of  muscles, created by enzymatic (catalase 
(CAT), superoxide dismutase (SOD) and selenium dependent glutathione peroxidase 
[GPx]) and non-enzymatic (vitamin E, ubiquinols, cellular thiols) systems can 
be modified by animal feed [1–5]. Despite selenium (Se) being one of  the most 
intensively studied components of  animal diets, there are still inconsistent data on the 
effectiveness of  Se forms (organic vs inorganic) on the activity of  GPx and radicals 
scavenging capacity (ABTS, DPPH) and iron reduction (FRAP) [6–8]. Kuricova 
et al. (2003) did not find any differences between Se forms, whereas Mahmoud et 
al. (2003) reported that organic Se was more effective in reducing oxidative stress 
[9,10]. Methionine, a limiting amino acid in the diets of  growing chickens due to its 
role in glutathione synthesis can also affect the antioxidative potential [11,12]. Most 
research conducted on TEAC has been focused on whole muscle groups i.e. breast 
muscles with anaerobic metabolism, containing more protein but lower fat and ferric 
compounds, and leg muscles with aerobic metabolism. The greatest morphological 
and physiological differences have been observed between individual muscles in the 
whole group, indicating varied susceptibility to oxidation [13]. Thus, it would be crucial 
to recognize the antioxidative potential of  separate muscles collected from chicken 
breast and leg. The poultry meat industry is currently the key sector in Polish, as well as 
world, economy. Both, production and consumption of  poultry meat is continuously 
growing and it is the most perspective for the future due to high economical efficacy 
and no religious and diet objections. The objective of  the study was to compare the 
individual and whole groups of  breast and leg muscles of  broiler chickens in terms 
of  antioxidative capacity after dietary modulation with selenium (Se) and methionine 
(Met). The study could be used to simplify the prediction of  the quality and shelf-life 
of  fresh meat.

MATERIAL AND METHODS

Animals and diets

All procedures carried out on the animals were approved by the Local Ethics 
Committee for animal experimentation. 
A total of  165 one day old male Flex broiler chickens (Hubbard, Poland) (40.0 g ± 2.0 
g) were reared in floor pens with sawdust litter. The environmental temperature during 
the experiment was gradually reduced from 32 to 21°C and the lighting program 
consisted of  24 h light for the first 10 days, then 6 h darkness daily. Relative humidity 
varied between 64 and 70%. Birds had unlimited access to drinking water and feed 
composed of  a mashed form of  maize, wheat and soya beans.
After two weeks the chickens were randomly allocated into 11 groups for different 
feed treatments: (I) fed with a control (non-supplemented) feed mixture (negative 
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control); (II) fed with a basal diet with added 6.7 g DL-methionine per kg, (III) one 
kg of  the diet containing 8.2 g DL-methionine, (IV) fed with 9.7 g DL-methionine 
per kg, (V) provided with 11.2 g DL-methionine in kg feed, (VI) supplied with a basal 
diet enriched with 0.26 mg/kg organic selenium (selenium yeast), (VII) diet containing 
0.38 mg organic selenium per kg, (VIII) supplemented with 0.50 mg/kg organic 
selenium, (IX) with diet containing non-organic selenium (sodium selenite, Sigma-
Aldrich) at the same levels as the organic form i.e. 0.26 mg/kg, (X) containing 0.38 mg 
inorganic selenium in one kg of  the diet, and (XI) fed with 0.5 mg inorganic selenium 
per kg feed. The feed additives, selenium and methionine, concentrations used in the 
study were selected according to literature data and good husbandry practice with a 
special respect to animal welfare. It was also assumed that the highest concentration 
of  selenium (0.5 mg/kg) and methionine (11.6 g/kg) did not reach toxic levels for 
chickens. All diets contained a selenium free vitamin premix (Table 1).
From day 1 to day 14 the chicks were supplied with a starter diet, then from day 22 
to day 42 with grower feed mixtures. The crude protein content in the starter diet 
was about 220 g/kg, whilst in the grower feed about 200 g/kg. The energy value was 
calculated at the mean level of  12.2 and 12.7 MJ/kg, respectively. The feed mixtures 
were chemically analyzed with all the components listed in Table 1.

Muscle collection and preparation

After 42 days of  the study all birds were slaughtered by spine dislocation. Breast and 
leg components were harvested manually, immediately chilled on ice and stored at 
-80ºC. Directly before analyses muscles were defrosted to -2ºC. Muscles from the 
left side of  chicken carcass were analyzed as a whole group, whereas from the right 
half  the following individual muscles were removed: pectoralis superficialis and profundus 
from the breasts and biceps femoris, gastrocnemicus, iliotiobialis, peroneus longus, sartorius, 
semimembranosus and semitendinosus from legs. All collected muscles were weighed and 
analyzed for protein content (Kjeltec TM2300 FOSS, Denmark). Hydrophilic fractions 
of  the samples were prepared by homogenization of  muscles in redistilled water 
(Mixer B-400 Buchi, Switzerland) and centrifuging, then used in total antioxidative 
capacity assays (ABTS, DPPH, FRAP, TBARS) [14].

Total antioxidative capacity (TEAC)

ABTS+ assay

The total antioxidant capacity of  the hydrophilic fraction of  chicken breast and leg 
muscles was analyzed by Trolox-equivalent antioxidant capacity (TEAC) assay [15]. 
The formation of  ABTS+ radical cations was initiated by reacting 14 mM ABTS 
[2,2-azinobis-(3-ethylbenzothiazoline-6-sulphonic acid)] (Sigma–Aldrich, Poland) 
with an equal volume of  4.9 mM potassium persulfate, followed by incubation in the 
dark at room temperature for 12–16 h. Before analysis the absorbance of  the ABTS+ 
solution was measured at 734 nm and adjusted to 0.700 (±0.02) by using 5.5 mM 
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PBS (pH 7.4, temp. 30oC). An aliquot of  10 µl meat homogenate or Trolox standard 
(0–1.2 mM in PBS) (Fluka Chemie Gmbh., Switzerland) was added to 1.0 ml of  the 
ABTS+ solution, mixed thoroughly and after 60 sec absorbance was measured at 734 
nm, followed by a second measurement taken after 6 min of  incubation at 30oC. The 
percentage inhibition of  the blank absorbance was calculated for each Trolox standard 
reference and meat sample, respectively.

DPPH+ assay

Scavenging activity of  the muscle samples was analyzed towards 1, 1-diphenyl-2-
picrylhydrazyl radical (DPPH) (Sigma–Aldrich, Poland) [16,17]. The supernatant 
was collected after homogenization of  the meat samples for 2 min at 3,000 rpm (B-
400 Buchi, Germany) in distilled water and centrifuging at 5,000 G for 15 min. The 
supernatant was mixed with ethanol and DPPH radical solution and incubated at 
room temperature in the dark for 10 min before taking the absorbance measurement 
at 517 nm. The ability to scavenge the DPPH radical was expressed as μM Trolox per 
g wet muscle tissue. 

FRAP assay

Ferric reducing antioxidant power (FRAP) assay was carried out on meat samples 
homogenized for 2 min at 3,000 rpm (B-400 Buchi, Germany) in potassium phosphate 
buffer (pH 7.2), centrifuged at 5,000 G for 15 min, and the supernatant collected 
[18]. Next, 1 ml aliquots were added to 3 ml FRAP buffer containing 10 mM TPTZ 
(2,4,6-Tris(2-pyridyl)-s-triazine) (Sigma–Aldrich, Poland) in 40 mM HCl and 20 mM 
Fe2Cl3 (Sigma–Aldrich, Poland) and added to 300 mM acetate buffer. Immediately 
after mixing the absorbance was measured at 593 nm. The antioxidant power of  the 
samples was expressed as μM of  Fe2+ per g wet muscle tissue.

TBARS assay

The extent of  lipid oxidation was analyzed by thiobarbituric acid reactive substance 
(TBARS) assay [19]. Briefly, a 1.0 g of  selected muscle tissue was homogenized with 
10 ml of  distilled water, then trichloroacetic acid (10 ml; 10%, w/v) was added to 
precipitate proteins. 4 ml of  filtered (Whatman N1 filter paper) samples was mixed 
with 1 ml of  0.06 M thiobarbituric acid. Samples were incubated at 80 °C for 60 min 
and the absorbance was measured at 532 nm. The assay was calibrated using standard 
solutions of  1,1,3,3,-tetra-ethoxypropane in trichloroacetic acid. Results are expressed 
as mg of  malondialdehyde (MDA) per kg wet muscle tissue.

Activity of antioxidant enzymes

Catalase (CAT, EC1.11.1.6) activity was measured per Aebi (1983) based on the 
hydrolysis of  H2O2 by the enzyme and monitored for changes in absorbance at 240 
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nm during the initial 30 s. [20]. Catalase activity in muscles was determined after 
homogenization (0.05 M phosphate buffer, pH 7.0) and centrifugation at 7,000 G 
[21]. One unit (U) of  catalase activity was defined as the amount of  wet muscle tissue 
needed to decompose 1 mM of  H2O2 in 1 min.
Superoxide dismutase (SOD, EC1.15.1.1) activity was measured using a Cayman 
Superoxide Dismutase Assay Kit No. 7060002, based on the utilization a tetrazolium 
salt for detection of  superoxide radicals generated by xanthine oxidase. The muscles 
were homogenized with 20 mM cold HEPES containing 1 mM EGTA, 210 mM 
mannitol and 70 mM sucrose (pH 7.2), and centrifuged at 1,500 G. Absorbance of  the 
collected supernatants was monitored for 20 min at 450 nm. One unit (U) of  SOD 
activity was defined as the amount of  enzyme needed to exhibit 50% dismutation of  
the superoxide radical per g of  wet muscle tissue.
Glutathione peroxidase (GPx, EC1.11.1.9) activity was determined by the oxidation 
of  nicotinamide adenine dinucleotide phosphate (NADPH) in the presence of  
reduced glutathione and hydrogen peroxide (Cayman Chemicals, Kit No 703102). The 
supernatant of  muscle tissues was prepared by homogenization with 50 mM cold Tris-
HCl with 5 mM EDTA, 1mM DTT (pH 7.5) buffer and centrifuging at 10,000 G. The 
reaction was monitored at 340 nm for 5 min. One unit (U) of  GPx activity was defined 
as the amount of  enzyme needed to oxidize 1.0 mM of  NADPH to NADP + per min 
at 25°C per g wet muscle tissue.

Statistical Methods

Collected data were statistically evaluated by one-factorial ANOVA using StatSoft 
Statistica® Software (2009). Tukey’s test at P < 0.05 significance level was used to 
determine the differences between groups, standard error and standard deviation. The 
data are presented as an average value and accompanied by SEM (standard error). 

RESULTS 

Antioxidant characteristics of broiler breast muscles

Breast muscles collected from chickens fed the control diet, analyzed as a whole group, 
were characterized by the ability to scavenge DPPH free radicals at an average level 
of  6.1 mM Trolox/g tissue. Antioxidant activity was not dependent on the type or 
amount of  feed additive used in the study. Breast muscles from the chickens fed a diet 
supplemented with 0.5 mg/kg organic selenium showed the highest antiradical activity 
against ABTS+ radicals (11.5 mM Trolox/g), and the lowest value (9.1 mM Trolox/g) 
was observed in the birds whose diets were supplemented with 0.5 mg/kg sodium 
selenite. There was no apparent effect of  the applied supplementation to the poultry 
feed on the intensity of  lipid oxidation (TBARS), nor on the capacity of  the whole 
group of  breast muscles to reduce iron (FRAP). Thus, the value of  FRAP in breast 
muscles with predominant fast twitch fibers was about two times lower than in leg 
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muscles where red fibers are dominant. The ability of  the chicken myofibrillar proteins 
extracted from the leg and back muscles to reduce the Fe3+ to Fe2+ was almost seven 
times higher than that analyzed for the wings and breast muscles.
Antiradical activity DPPH of  m. pectoralis major collected from the chickens fed a 
diet containing inorganic selenium (0.38 mg/kg selenium) was highest at 14.9 mM 
Trolox/g, and the m. pectoralis minor at 12.3 mM Trolox/g. Significantly greater DPPH 
quenching activity was also observed for the muscles obtained from chickens fed a diet 
supplemented with 0.5 mg/kg of  selenium yeast (app. 13.6 uM Trolox/g). The ability 
of  individual breast muscles to scavenge ABTS free radicals did not differ significantly 
(p < 0.05) to the values for the whole muscle tissue group, with the exception of  a 
lower antioxidative activity for muscles collected from birds fed the diet supplemented 
with selenium at 0.38 mg/kg. 
The m. pectoralis superficialis of  chickens fed a diet supplemented with 8.2 g/kg and 9.7 
g/kg methionine expressed a significantly greater ability to scavenge a synthetic ABTS 
radical (11.7 mM Trolox/g and 14.0 uM Trolox/g, respectively). The application 
of  selenium to the chicken diet increases the ability of  the muscles to scavenge the 
synthetic free radical ABTS significantly between 2.0 and 8.0 times for the wings and 
outer breast (sodium selenite) muscles. 
The ability to reduce Fe3+ to Fe2+ was similar for both the individual breast muscles 
i.e. pectoralis major and minor, and ranged from 0.69 µM Fe/g for muscles obtained from 
chickens fed a diet supplemented with 0.38 mg/kg of  selenium yeast to 0.93 µM Fe/g 
for the control group. No effect of  the addition of  selenium to animal feed on an 
increase of  FRAP and ABTS values were observed for individual breast muscles.

Antioxidant characteristics of broiler leg muscles	

Total antioxidant activity in the whole group of  chicken leg muscles (thigh and 
drumstick) was significantly greater (p < 0.05) than the chicken breast muscles. Leg 
muscle groups of  Flex chickens had a greater superoxide dismutase activity (3.60 U/g) 
compared to breast muscle groups (2.04 U/g) (Table 2). The ability of  the leg muscles 
to scavenge free DPPH radical ranged from 12.4 mM Trolox/g (chickens fed a diet 
supplemented with 0.38 mg/kg sodium selenite) to 17.5 mM Trolox/g (chickens fed a 
diet supplemented with 0.26 mg/kg selenium yeast Yarrowia lipolytica). No significant 
(p < 0.05) increase in free radical ABTS scavenging was observed in the chicken leg 
muscles by feed supplemented with selenium and methionine, with the exception of  
the group fed the diet supplemented with 6.7 g/kg methionine. 
The capacity of  the leg muscles to reduce Fe3+ was almost two times greater than 
the breast muscles with an average value of  1.13-1.36 mM Trolox/g. However, there 
were no significant differences in the capacity to reduce Fe3+ between groups, a clear 
trend of  increased activity of  the leg muscles after feed supplementation with organic 
selenium (0.5 mg/kg) and methionine (6.7 g/kg). In general, the capacity of  the thigh 
myofibrillar protein to reduce Fe3+ to Fe2+ was higher than in breast myofibrillar 
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protein. However, leg muscles were characterized by significantly (p < 0.05) greater 
TBARS value than breast muscles, mainly due to the greater fat concentration. 
In the control group the highest ability to scavenge DPPH radical was observed for 
m. sartorius (14.3 mM Trolox/g), which made up 26% of  the total leg muscle protein 
content with an average of  18.7 g/100 g.  This muscle exhibited a relatively high ability 
to reduce iron (0.96 µM Fe/g), but also the lowest ability to scavenge ABTS radicals 
of  all the analyzed leg muscles. The supplementation of  chicken diets with selenium 
and methionine significantly (p < 0.05) increased the antioxidant activity of  m. sartorius 
(up to 7.1 mM Trolox/g for 11.2 g of  added methionine per kg in feed), and as well 
enhancing the capacity of  iron reduction (FRAP). 
Chicken m. biceps femoris with an average weight three times less than m. sartorius, was 
generally characterized by a greater ability to scavenge ABTS radicals and to reduce Fe 
III to Fe II, particularly in the case of  muscles obtained from birds fed a diet enriched 
with selenium and methionine. Moreover, the amount of  oxidized products (TBARS) 
analyzed in biceps femoris was significantly lower (p < 0.05) when the birds were supplied 
with diet containing 0.5 mg/kg of  either organic or inorganic selenium. The results of  
the antioxidant status of  individual leg muscles i.e. biceps femoris, gastrocnemius, iliotiobialis, 
peroneus longus, sartorius, semimembranosus and semitendinosus, are presented in Table 3.
Application of  selenium compounds to broiler feed resulted in a significantly (p < 
0.05) greater ability of  iliotiobialis muscle to reduce iron (FRAP), but it had no positive 
effect on antiradical activity. Within the chicken thigh muscles, semimembranosus (only 
about 5.0% share of  the whole leg muscle) and semitendinosus (approximately 10% of  
all leg muscle) were characterized by similar values of  DPPH free radical scavenging 
ability (12.2 mM Trolox/g). A significant (p < 0.05) increase in antiradical activity 
was recorded only for bird feed supplemented with more than 8.2 g/kg methionine 
in m. semitendinosus and with more than 9.7 g/kg methionine and 0.38 mg/kg sodium 
selenite in m. semimembranosus. The use of  greater amounts of  methionine in the diet 
had a positive effect on the ability of  the analyzed muscles to scavenge synthetic 
ABTS radicals, whereas selenium compounds increased iron reducing activity 
(FRAP). Moreover, such diet modifications also contributed to a significant (p < 0.05) 
inhibition of  oxidative changes in m. semitendinosus and m. semimembranosus (TBARS). 
The antioxidant activity of  m. gastrocnemius and m. peroneus longus towards ABTS and 
DPPH radicals was comparable to the scavenging ability of  whole leg muscle groups, 
but the ability of  m. gastrocnemius to reduce Fe3+ was significantly lower (p < 0.05), at 
an average of  1.1 mM Trolox/g. Application of  selenium compounds and methionine 
to chicken diets resulted in a significantly (p < 0.05) lower content of  malondialdehyde 
compared to the control animals. 

Superoxide (SOD) activity

The breast muscles collected from the studied Flex chickens fed a standard diet were 
characterized by an average of  2.04 U/g SOD activity. Supplementation with selenium 
yeast up to 0.38 mg per kg in broiler feed did not change SOD activity. Significantly 
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(p < 0.05) greater SOD activities (2.63-3.41 U/g) were detected for the group of  
breast muscles in birds fed the diets containing greater concentrations of  methionine 
(11.2 g/kg) and Se (0.5 mg/kg), both as selenium yeast and sodium selenite. Similar 
correlations were obtained when analyzing the activity of  superoxide dismutase in the 
individual m. pectoralis major (Table 2). In the case of  the pectoralis minor, greater SOD 
activity in relation to the control group was observed when birds were supplied with 
a diet enriched with organic selenium at 0.5 mg/kg (2.70 U/g). Leg muscle groups 
of  Flex chickens had a greater superoxide dismutase activity (3.60 U/g) compared to 
breast muscle groups (2.04 U/g) (Table 2).
Renerre et al. (1999) have shown that SOD has a higher activity in oxidative than in 
glycolytic muscle [22]. Like the breast muscle groups, a significant (p < 0.05) increase 
in SOD activity was observed in leg muscle groups after dietary supplementation 
with a high proportion of  methionine and inorganic Se. Moreover, a clear tendency 
of  increased SOD activity was observed in leg muscle groups of  birds fed a diet 
containing 0.5 mg/kg Se in the form of  selenized yeast (4.18 U/g). Within all the 
analyzed individual leg muscles of  the control group of  chickens, the lowest SOD 
activity was noted in m. semitendinosus (0.75 U/g), while SOD activity in other muscles 
ranged from 1.27 U/g for m. sartorius to 1.70 U/g for m. peroneus longus (Table 3). 
Application of  selenium compounds (0.5 mg/kg) and methionine (11.2 g/kg) to the 
chicken diet significantly (p < 0.05) increased the activity of  SOD in semitendinosus, 
sartorius and biceps femoris muscles. In the case of  semimembranosus, iliotiobialis, gastrocnemius 
and peroneus longus muscles, no significant (p < 0.05) effect of  diet supplementation on 
antioxidant enzyme activity was observed. The obtained results are in accordance with 
the findings of  Pušić and colleagues (2018), who showed that the addition of  organic 
selenium in the amount of  0.5 mg/kg feed did not lead to a significant increase in SOD 
activity in m. gastrocnemius [23]. Additionally, these authors found that supplementation 
with organic selenium in amounts of  0.3 and 0.5 mg/kg feed increased SOD activity 
in m. pectoralis superficialis.

Glutathione peroxidase (GPx) activity

An average GPx activity of  breast and leg muscles of  Flex chicken fed the control 
diet amounted to about 1.21 U/g. No apparent effect of  dietary methionine on 
GPx activity in breast and leg muscles was noted, while the addition of  selenium 
compounds did result in greater enzyme activity in the breast and leg muscles. Analysis 
of  glutathione peroxidase in individual chicken breast muscles (m. pectoralis major and 
m. pectoralis minor) confirmed a significant (p < 0.05) positive effect of  dietary selenium 
on GPx enzyme activity. In addition, m. pectoralis minor expressed greater GPx activity 
(1.43 U/g) also at a lower concentration of  dietary organic selenium (0.26 mg/kg). 
The highest glutathione peroxidase activities within the control group were analyzed 
for m. semimembranosus (1.60 U/g), m. biceps femoris (1.41 U/g) and m. semitendinosus (1.31 
U/g), whereas the lowest activities were observed for m. gastrocnemius (0.81 U/g) and 
m. iliotiobialis (0.90 U/g) (Table 3).  Similar to SOD activity, the lowest GPx activity was 
observed in m. gastrocnemius and m. iliotibialis
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Catalase (CAT) activity

The enzyme activity in breast muscle groups of  the control group of  chickens fed a 
standard diet averaged 273 U/g. Modifications to the chicken diet had varied effects 
on CAT activity in breast muscles. Greater (p < 0.05) catalase activity was found in the 
muscles obtained from chickens fed a diet supplemented with 0.5 mg/kg of  Se yeast, 
and as well in the groups with added methionine at 8.2 g/kg and 9.7 U/g. Analysis of  
the individual breast muscles pectoralis major and pectoralis minor confirmed these results 
(Table 2). The antioxidant activity of  catalase present in the leg muscles of  the control 
group was more than twice higher than in breast muscle. 
The lowest CAT activity was determined in leg muscles of  chickens fed the diets 
containing 9.7 g/kg methionine and 0.38 mg/kg organic selenium. A significant (p < 
0.05) effect of  diet modification on catalase activity was also observed in the individual 
leg muscles (Table 3). The highest CAT activity in the control group was analyzed 
for m. semimembranosus and m. sartorius (more than 700 U/g), with the lowest for m. 
iliotiobalis (less than 200 U/g). Supplementation with 0.5 mg of  either form of  selenium 
to broiler feed resulted in increased (p < 0.05) CAT activity in all analyzed individual 
leg muscles. Still, the lowest enzyme activity was measured in m. gastrocnemius (average 
400 U/g), with the highest for m. semimembranosus (more than 900 U/g). Increasing 
methionine levels in the feed to 11.2 g/kg resulted in greater CAT activity in relation 
to the control in most of  the analyzed muscles, with the exception of  m. gastrocnemius 
(reduction of  51.0 U/g) and m. semimembranosus (reduction of  117 U/g). In general, as 
previously established, catalase has a higher activity in in oxidative than in glycolytic 
muscle [24].

DISCUSSION

Antioxidant characteristics of broiler breast muscles

Antioxidants are multifunctional and in complex heterogenous foods such as meat 
their activity cannot be evaluated by a single method. Thus, many procedures including 
radical scavenging assays were required to investigate the antioxidative potential 
of  muscle tissues [25,26]. Scavenging of  DPPH radicals permits evaluation of  the 
hydrogen-donating potency of  antioxidative compounds, while scavenging of  ABTS 
radicals determines their single electron-transfer capabilities [15,27]. The Fe+3 probe 
in a FRAP assay reflects the reductive antioxidant power and finally TBAR can serve 
as a marker of  lipid oxidative damage and reflects the intensity of  lipid oxidation 
[18,28]. Total antioxidative capacity measured by the ABTS method was generally 
greater than by the DPPH method. This indicates the greater effect of  hydrophilic 
than hydrophobic substances in the tissues on the antioxidative potential. This is in 
agreement with Sacchetti et al. (2008), who reported that the hydrophilic extract was 
most effective in the establishment of  the antioxidant capacity in chicken meat [14]. 
Moreover, DPPH is likely more selective than ABTS+ in the reaction with H-donors 
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which could explain the lower TEAC values obtained by DPPH compared to ABTS 
assays [26,29]. 
Antiradical activity against ABTS+ radicals indicated a more effective antioxidant 
action of  dietary organic selenium comparing to the inorganic form. Wang and Xu 
(2008) also showed a greater impact of  organic Se on broiler antioxidant status [30]. It 
is known that organic Se has a higher bioavailability than inorganic Se for Se deposition 
in the tissues. This is probably due to their different absorption mechanisms: inorganic 
Se is passively absorbed from the intestine by a simple diffusion process, competing 
with a number of  mineral elements for the same absorption route, whereas organic 
Se is actively absorbed through the amino acid transport mechanisms [31]. Selenium 
application in the chicken diet did not significantly change the FRAP values for the 
wings and breast muscles; however, a significant increase in the iron reduction ability 
was noted for both sets of  the leg muscles, and back muscles, which can be related 
to the higher deposition of  the selenium in the part richer in lipids. The individual 
pectoralis major and minor muscles exhibited significantly greater DPPH scavenging 
ability than the whole breast tissue, especially in supplementation with selenium 
compounds (Table 2). This showed that for better understanding of  the relationships 
between dietary components and antioxidative status, individual muscles should also 
be analyzed. Previously, Korzeniowska and coworkers (2018) showed that selenium 
supplementation is more effective in the leg muscles compared with breast meat, and 
that the organic form of  selenium is deposited to a greater extent than the inorganic 
form [32]. Authors explain this by the differences in metabolic pathways between 
organic and inorganic forms of  selenium since organic selenium is actively absorbed 
through an amino-acid transport mechanism, whereas inorganic selenium is passively 
absorbed from the intestine by a simple diffusion process [31].
Se supplementation to chicken diets causes a significant increase in the iron reduction 
ability for both sets of  the leg and back muscles, which can be associated with the 
higher Se retention in the lipids-rich parts. Assuming that both TEAC and SOD activity 
were greater in the leg than in breast muscles and GPx activity in leg muscles was more 
affected by the addition of  dietary selenium, it can be stated that chicken leg muscles 
could be more effectively stabilized against oxidation by such a feeding modification. 
Namely, chicken fat contains relatively high amounts (25-30%) of  polyunsaturated 
fatty acids for which is known to contain long chain fatty acids with a higher number 
of  double bonds, which increases the susceptibility of  meat to oxidation process. This 
is similar to Kikusato and Toyomizu (2019) results, who found that the TBARS value 
was higher in m.  gastrocnemius than in m. pectoralis in chickens in the thermoneutral 
zone [33–35]. A relationship was observed between muscle morphology and the degree 
of  oxidation. Selenium supplementation decreased the extent of  oxidation processes 
in most of  the muscles with predominant red (slow twitch) fibers, such as biceps femoris, 
semimembranosus and gastrocnemius, while for some muscles with a greater amount of  
white fibers, like peroneus longus and iliotiobialis, this relation was not distinctive. Thus, 
this could explain the lack of  strong effect of  Se supplementation on oxidation 
processes in the whole group of  leg muscles.
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Enzymatic activity in individual broiler breast and leg muscles

Antioxidant enzymes constitute an intracellular barrier against free radicals. In skeletal 
muscles the most important enzymes are catalase, superoxide dismutase and glutathione 
peroxidase. Superoxide dismutase is an important antioxidant defense in nearly all 
cells exposed to oxygen and catalyzes the dismutation of  superoxide into oxygen and 
hydrogen peroxide while CAT and GPx catalyze the dismutation of  hydrogen peroxide 
into water and oxygen. GSH-Px can additionally decompose lipoperoxides formed 
during lipid oxidation [36–38]. It is generally considered that oxidative muscles show 
higher activities of  antioxidative enzymes than glycolytic muscles such as GSHPx [22]. 
The effect of  selenium supplementation in poultry diets on antioxidative enzymes, 
especially glutathione peroxidase, has been intensively studied, but only on whole 
groups of  breast and leg muscles. The results of  the antioxidative enzymes activity 
of  individual and whole groups of  chicken breast and leg muscles are presented in 
Tables 2-4. Greater superoxide dismutase activity was found in the Flex chickens’ leg 
muscle groups compared to their breast muscle groups, which could be explained by 
different types of  metabolism given that SOD activity is correlated with the number 
of  mitochondria [24].

Glutathione peroxidase (GPx) activity

Glutathione peroxidase is an essential component of  the integrated enzymatic 
antioxidant defense system and has the ability to remove hydrogen peroxide from the 
system as well as to detoxify lipid peroxides formed during oxidation processes [39]. 
Although the addition of  selenium compounds did increase the enzyme activity in 
the breast and leg muscles, there was no discernible effect of  dietary methionine on 
GPx activity in those muscles. This corresponds to the majority of  available data on 
selenium supplementation in poultry, since selenium is essential for catalytic functions 
of  GSH-Px [40]. In the present study the highest effect was observed for the highest 
content of  Se in the diet regardless of  the form of  the microelement, while Wang et 
al. (2011) observed that the inorganic form of  Se was more effective [41].
Similar to SOD activity, the lowest GPx activity was observed in m. gastrocnemius and 
m. iliotibialis, indicating that selenium supplementation had more negligible effect on 
antioxidant enzymes activity in these muscles. This may be related to the type of  
muscle fibers and/or less selenium deposition in these muscles. GSH-Px activity is 
higher in oxidative muscles, due to different metabolism and, therefore, different 
susceptibility towards oxidative damage [42]. Tissues containing higher amounts of  
antioxidative enzymes would be expected to be more stable towards lipid peroxidation 
but, because they contain more fats and iron that could be pro-oxidative, they are more 
susceptible to peroxidation [42]. Therefore, supplementing feed with selenium can 
delay the process of  lipid peroxidation.
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Catalase (CAT) activity

Catalase, as an enzyme capable of  degrading hydrogen peroxide, protects living 
cells from oxidatively induced damages. Unlike white muscles, CAT activity in the 
chicken leg muscles decreased as a result of  feed supplementation with selenium 
and methionine. This can be related to high GPx activity in this type of  the muscle. 
These differences in CAT activity might have been be due to the metabolic differences 
between muscle types [43].

CONCLUSIONS

The total antioxidative potential of  broiler chicken leg muscles was greater than breast 
muscles. Supplementation of  bird diets with selenium and methionine (especially 
greater levels of  addition) resulted in greater total antioxidative capacity of  individual 
breast and leg muscles, while for the whole groups of  these muscles the relation was 
less evident. In contrast, antioxidative enzymes (SOD and GPx) were more active, both 
in whole muscle groups and in individual muscles, when greater concentrations of  Se 
and Met were added to the chickens’ diet. Dietary selenium slowed down the oxidation 
processes in individual broiler chicken muscles, as monitored by TBARS. Antioxidative 
enzymes were more active in the leg muscles than in the Flex chicken breast muscles. 
Summing up, it can be stated that supplementation of  chicken diets with selenium and 
high concentrations of  methionine positively influences the antioxidative potential of  
individual muscles, and could lead to greater quality and extended shelf-life of  fresh 
meat. 

Acknowledgments
Acknowledgements are given to the Polish Ministry of  Science, the National Science 
Centre in Poland for financial supporting of  the project no N N312 253938

Authors’ contributions
MK and WK created the idea and designed of  study. MK carried out the experiment 
and analyses, cured the results, drafted the manuscript. BK and DK calculated and 
interpreted the results and helped to improve the manuscript. AR graphical presentation 
of  the results and help to improve the manuscript. All authors read and approved the 
final manuscript.

Declaration of  competing interests
The authors declare that they have no competing interests.



Acta Veterinaria-Beograd 2024, 74 (1), 71-90

88

REFERENCES

1.	 Decker E, Faustman C: Mechanisms of  endogenous skeletal muscle antioxidants: chemical 
and physical aspects. Antioxidants in Muscle Foods: Nutritional Strategies to Improve 
Quality 2000.

2.	 Halliwell B: Reactive species and antioxidants. redox biology is a fundamental theme of  
aerobic life. Plant Physiol 2006, 141, 312–322.

3.	 Mingu K, Hyun-Joo K, Aera J, Dong-Keun G, Gwan-Sik Y, Cheorun J: Effect of  dietary 
supplementation of  quercetin on antioxidant activity and meat quality of  beef  cattle. 
Korean J Agric Sci 2012, 39, 61–68.

4.	 Chen G, Wu J, Li C: Effect of  different selenium sources on production performance and 
biochemical parameters of  broilers. J Anim Physiol Anim Nutr 2014, 98, 747–754.

5.	 Naji TA, Issoufou A, Abbas S, Zhao RY: Phytosterol supplementation improves antioxidant 
enzymes status and broiler meat quality. Pakistan J Food Sci 2013, 163–171.

6.	 Burk RF: Selenium, an antioxidant nutrient. Nutrition in Clinical Care 2002, 5, 75–79.
7.	 Pirsljin J, Milinkovic Tur S, Beer Ljubic B, Zdelar-Tuk M, Poljicak-Milas N: Influence of  

organic selenium food supplements on age-related changes on antioxidant system in thigh 
muscle of  broiler chicken. Biochem J 2006, 21, 539–541.

8.	 Wu DJ, Pan H J, Wang ZG, Peng ZQ, Zhao LY, Zhang YW: Effect of  maternal selenium 
and methionine on poultry products (egg and meat) qualities and oxidative stability. In 
Soybean and Nutrition; InTech 2011.

9.	 Kuricová S, Boldižárová K, Grešáková L, Bobček R, Levkut M, Coughlan L: Chicken 
selenium status when fed a diet supplemented with Se-yeast. Acta Vet Brno 2003, 72, 339–
346.

10.		Mahmoud KZ, Edens FW: Influence of  selenium sources on age-related and mild heat 
stress-related changes of  blood and liver glutathione redox cycle in broiler chickens (Gallus 
domesticus). Comp Biochem Physiol Part B: Biochem Molecul Biol 2003, 136, 921–934.

11.		Mosharov E, Cranford MR, Banerjee R: The Quantitatively Important relationship between 
homocysteine metabolism and glutathione synthesis by the transsulfuration pathway and its 
regulation by redox changes. Biochemistry 2000, 39, 13005–13011.

12.		Baker DH: Comparative Species utilization and toxicity of  sulfur amino acids. J Nutrition 
2006, 136, 1670S-1675S.

13.		Petracci M, Cavani C: Muscle growth and poultry meat quality issues. Nutrients 2011, 4, 
1–12.

14.		Sacchetti G, Di Mattia C, Pittia P, Martino G: Application of  a radical scavenging activity 
test to measure the total antioxidant activity of  poultry meat. Meat Sci 2008, 80, 1081–1085.

15.		Re R, Pellegrini N, Proteggente A, Pannala A, Yang M, Rice-Evans C: Antioxidant activity 
applying an improved ABTS radical cation decolorization assay. Free Radic Biol Med 1999, 
26, 1231–1237.

16.		Steinberg IM, Milardović S: Chromogenic radical based optical sensor membrane for 
screening of  antioxidant activity. Talanta 2007, 71, 1782–1787.

17.		Jang A, Liu X-D, Shin M-H, Lee B-D, Lee S-K, Lee J-H, Jo C: Antioxidative potential of  
raw breast meat from broiler chicks fed a dietary medicinal herb extract mix. Poult Sci 2008, 
87, 2382–2389.

18.		Benzie IFF, Strain JJ: The ferric reducing ability of  plasma (FRAP) as a measure of  
“antioxidant power”: the FRAP assay. Analytic Biochem 1996, 239, 70–76.



Korzeniowska et al.: Improvement of  antioxidative activity of  broiler muscles after dietary modulation with selenium and methionine

89

19.		Luciano G, Moloney AP, Priolo A, Röhrle FT, Vasta V, Biondi L, López-Andrés P, Grasso S, 
Monahan FJ: Vitamin E and polyunsaturated fatty acids in bovine muscle and the oxidative 
stability of  beef  from cattle receiving grass or concentrate-based rations. J Anim Sci 2011, 
89, 3759–3768.

20.		Aebi H: Catalase in HU Bergmeyer (ED) methods in enzymatique analysis. Verlag Chem 
1983, 273–286.

21.		Hernández P, Zomeño L, Ariño B, Blasco A: Antioxidant, lipolytic and proteolytic enzyme 
activities in pork meat from different genotypes. Meat Sci 2004, 66, 525–529.

22.		Renerre M, Dumont F, Gatellier P: Antioxidant enzyme activities in beef  in relation to 
oxidation of  lipid and myoglobin. Meat Sci 1996, 43, 111–121.

23.		Pušić I, Ljubić BB, Lazarus MV, Radin L, Janječić Z, Bedeković D, Križek I, Jurčević J, 
Aladrović J: Dietary organic selenium supplementations affect oxidative stability of  chilled 
and frozen chicken meat. J Food Nutr Res 2018, 57, 274–283.

24.		Renerre M, Poncet K, Mercier Y, Gatellier P, Métro B: Influence of  dietary fat and vitamin 
E on antioxidant status of  muscles of  turkey. J Agric Food Chem 1999, 47, 237–244.

25.		Pérez-Jiménez J, Saura-Calixto F: Literature data may underestimate the actual antioxidant 
capacity of  cereals. J Agric Food Chem 2005, 53, 5036–5040.

26.		Serpen A, Gökmen V, Fogliano V: Total antioxidant capacities of  raw and cooked meats. 
Meat Sci 2012, 90, 60–65.

27.		Brand-Williams W, Cuvelier ME, Berset C: Use of  a free radical method to evaluate 
antioxidant activity. LWT - Food Sci Technol 1995, 28, 25–30.

28.		Mei L, Crum AD, Decker EA: Development of  lipid oxidation and inactivation of  
antioxidant enzymes in cooked pork and beef. J Food Lipids 1994, 1, 273–283.

29.		Roginsky V, Lissi E: Review of  methods to determine chain-breaking antioxidant activity in 
food. Food Chem 2005, 92, 235–254.

30.		Wang YB, Xu BH: Effect of  different selenium source (sodium selenite and selenium yeast) 
on broiler chickens. Anim Feed Sci Technol 2008, 144, 306–314.

31.		Wolffram S, Berger B, Grenacher B, Scharrer E: Transport of  selenoamino acids and their 
sulfur analogues across the intestinal brush border membrane of  pigs. J Nutr 1989, 119, 
706–712.

32.		Korzeniowska M, Króliczewska B, Kopeć W: Effect of  dietary selenium on protein and 
lipid oxidation and the antioxidative potential of  selected chicken culinary parts during 
frozen storage. J Chem 2018, 2018, 1–12.

33.		Stangierski J, Lesnierowski G: Nutritional and health-promoting aspects of  poultry meat 
and its processed products. World’s Poult Sci J 2015, 71, 71–82.

34.		Juskiewicz J, Jankowski J, Zielinski H, Zdunczyk Z, Mikulski D, Antoszkiewicz Z, Kosmala 
M, Zdunczyk P: The fatty acid profile and oxidative stability of  meat from turkeys fed 
diets enriched with n-3 polyunsaturated fatty acids and dried fruit pomaces as a source of  
polyphenols. PLoS ONE 2017, 12, e0170074.

35.		Kikusato M, Toyomizu M: Differential effects of  heat stress on oxidative status of  skeletal 
muscle with different muscle fibre compositions in broiler chicken. J Anim Feed Sci 2019, 
28, 78–82.

36.		Chan KM, Decker EA, Feustman C: Endogenous skeletal muscle antioxidants. Crit Rev 
Food Sci Nutr 1994, 34, 403–426.

37.		Decker EA, Zhimnin X: Minimizing rancidity in muscle foods. Food Technol 1998, 52, 
54–59.



Acta Veterinaria-Beograd 2024, 74 (1), 71-90

90

38.		Gatellier P, Mercier Y, Renerre M: Effect of  diet finishing mode (pasture or mixed diet) on 
antioxidant status of  charolais bovine meat. Meat Sci 2004, 67, 385–394.

39.		Brigelius-Flohé R: Tissue-specific functions of  individual glutathione peroxidases. Free 
Radic Biol Med 1999, 27, 951–965.

40.		Surai PF: Selenium in poultry nutrition 1. antioxidant properties, deficiency and toxicity. 
World’s Poult Sci J 2002, 58, 333–347.

41.		Wang YX, Zhan XA, Yuan D, Zhang XW, Wu RJ: Effects of  selenomethionine and sodium 
selenite supplementation on meat quality, selenium distribution and antioxidant status in 
broilers. Czech J Anim Sci 2011, 56, 305–313.

42.		Daun C, Åkesson B: Comparison of  glutathione peroxidase activity, and of  total and 
soluble selenium content in two muscles from chicken, turkey, duck, ostrich and lamb. 
Food Chem 2004, 85, 295–303.

43.		Pradhan AA, Rhee KS, Hernández P: Stability of  catalase and its potential role in lipid 
oxidation in meat. Meat Sci 2000, 54, 385–390.

POBOLJŠANJE ANTIOKSIDATIVNE AKTIVNOSTI MIŠIĆA 
BROJLERA NAKON DJETETSKE MODULACIJE SELENOM I 
METIONINOM

Malgorzata KORZENIOWSKA, Bozena KROLICZEWSKA,  
Wieslaw KOPEC, Danijela KIROVSKI, Aleksandra RAJEWSKA

Cilj istraživanja bio je da se uporedi antioksidativni kapacitet muskulature pilećih grudi 
i nogu brojlera nakon modulacije ishrane sa selenom (Se) i metioninom (Met). Ak-
tivnosti uklanjanja slobodnih radikala (ABTS, DPPH) i redukcije gvožđa (FRAP) su 
određene kao ukupni antioksidativni potencijal (TEAC), kao i aktivnost enzima ka-
talaze (CAT), superoksid dismutaze (SOD) i glutation peroksidaze (GPx), u odnosu 
prema koncentracijama krajnjih produkata peroksidacije lipida (TBARS). Analize su 
rađene na m. pectoralis superficialis i profundus pojedinačno i zajedno.
Proučavani mišići nogu uključivali su biceps femoris, gastrocnemicus, iliotiobialis, peroneus lon-
gus, sartorius, semimembranosus, semitendinosus i sve mišiće nogu zajedno. Flex brojlerski 
pilići su hranjeni hranom sa dodatkom 6,7, 8,2, 9,7 i 11,2 g DL-metionina/kg hrane i 
Se kao natrijum selenita i selenizovanog kvasca u količini od 0,26, 0,38 i 0,50 mg Se/kg. 
Veće aktivnosti TEAC i enzima primećene su u mišićima nogu nego u grudnoj musku-
laturi. Selen nije promenio TEAC u mišićima, ali je poboljšao antiradikalni kapacitet u 
velikom i malom pektoralisu, sartorijusu i bicepsu. Najviši nivo metionina je povećao 
TEAC u pojedinačnim mišićima nogu. Selen i metionin u najvišim koncentracijama 
povećavaju aktivnost SOD u celoj grupi i pojedinačnim mišićima, dok Se povećava 
aktivnost GPx. Zaključno, dijetarna suplementacija selenom i visokim koncentracija-
ma metionina imala je veći uticaj na antioksidativni potencijal pojedinih mišića nego 
na ceo skup mišića pilećih prsa i nogu. Pozitivni efekat proučavane modulacije ishrane 
mogao bi da unapredi kvalitet i produži rok trajanja svežeg pilećeg mesa.


