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Chitosan oligosaccharide as an effective feed additive to
maintain growth performance, meat quality, muscle glycolytic

metabolism, and oxidative status in yellow-feather broilers under
heat stress
Qingqing Chang, Yiqi Lu, and Ruixia Lan ,1

Department of Animal Science, College of Coastal Agriculture Sciences, Guangdong Ocean University, Zhanjiang
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ABSTRACT This study investigated the effects of
dietary chitosan oligosaccharides (COS) supplementa-
tion on growth performance; corticosterone, growth
hormone, and insulin-like growth factor-1 concentration;
relative organ weight; liver function; meat quality;
muscle glycolytic metabolism; and oxidative status in
yellow-feather broilers under heat stress. A total of 108
35-day-old Chinese yellow-feather broilers (BW,
470.31 6 13.15 g) was randomly allocated to 3 dietary
treatments as follow: control group, basal diet and raised
under normal temperature (24�C); HS group, basal diet
and raised under cycle heat stress (34�C from 10:00 to
18:00 and 24�C for the rest time); and HSC group, basal
diet with 200 mg/kg COS supplementation and raised
under cycle heat stress. Each treatment had 6 replication
pens and 6 broilers per pen. Results indicated that heat
stress decreased ADG,ADFI, gain:feed ratio, the relative
weight of thymus, bursa of Fabricius, pancreas, proven-
triculus, gizzard, and liver, growth hormone concentra-
tion, pH24h, muscle glycogen content, muscle superoxide
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dismutase and glutathione peroxidase activity, as well as
increased corticosterone, alanine aminotransferase and
aspartate aminotransferase level, cooking loss, muscle
lactate and malondialdehyde content. Compared with
the HS group, broilers in the HSC group had higher
ADG, the relative weight of thymus, bursa of Fabricius,
and liver, growth hormone concentration, pH24h, muscle
glycogen content, muscle superoxide dismutase and
glutathione peroxidase activity, and lower serum corti-
costerone, alanine aminotransferase and aspartate
aminotransferase level, cooking loss, and muscle lactate
and malondialdehyde content. In conclusion, the results
suggested that COS could be used as an effective feed
additive to maintain growth performance, liver function,
meat quality, muscle glycolytic metabolism, and oxida-
tive status of yellow-feather broilers under heat stress.
The improved meat quality is possibly through reducing
muscle glycolysis metabolism and improving muscle
oxidative status by dietary COS supplementation in
broilers under heat stress.
Key words: chitosan oligosaccharide, heat stress, meat
 quality, muscle oxidative status, yellow-feather broiler
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INTRODUCTION

Heat stress is one of the major environment stressors
in poultry production because it adversely affects health
status and production performance of broilers, causing
direct economic losses (St-Pierre et al., 2003). Broilers
exposed to heat stress would induce multiple physiology
disturbances, such as endocrine disorders (Rajaei-
Sharifabadi et al., 2017), immune suppression (Wang
et al., 2018), and oxidative stress (Ganesan et al.,
2017; Zhang et al., 2018) and adversely affect the meat
quality by changing muscle glycolysis metabolism and
oxidative status (Zaboli et al., 2019). Either acute or
chronic heat stress had detrimental effects on meat qual-
ity by increasing postmortem glycolytic metabolisms
(Zhang et al., 2012; Zaboli et al., 2019) and induced a
lower ultimate pH accompanied with variation in
water-holding capacity, meat color, and tenderness of
meat, resulting in a lower purchasing desire (Zhang
et al., 2012; Wang et al., 2017). In recent years,
numerous nutritional strategies have been used to alle-
viate the detrimental effects of heat stress on animals,
and dietary supplementation with functional oligosac-
charides attracted increasing attention (Cheng et al.,
2019; Tavaniello et al., 2020). Chitosan oligosaccharides
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(COS), a functional oligosaccharide, are a natural alka-
line polymer of glucosamine and obtained by chemical
and enzymatic hydrolysis of chitosan (Zou et al., 2016)
and considered as an antibiotic alternative in animal
production (Zhou et al., 2009; Li et al., 2019). Previous
studies reported that dietary COS supplementation
could improve growth performance (Li et al., 2007;
Zhou et al., 2009), antioxidant capacity (Li et al.,
2017), intestinal morphology and barrier function, and
immunity (Li et al., 2019) of broilers under normal con-
dition. Moreover, it also reported that dietary chitosan
or COS could improve growth performance, antioxidant
status, and immune response of animals exposed to
various stressors (Qiao et al., 2011; Xu et al., 2018).
However, there was limited research studying the effects
of dietary COS supplementation on alleviating the nega-
tive effects of heat stress, especially, on meat quality,
muscle glycolytic metabolism, and antioxidant status.
Only Lan et al. (2019) reported that dietary COS supple-
mentation could alleviate oxidative damage and inflam-
matory response in heat-stressed rats. In addition, it has
been reported that dietary mannan oligosaccharides sup-
plementation could improve growth performance, intes-
tinal oxidative status, and barrier integrity, as well as
meat quality and oxidative status of breast muscle in
broilers under heat stress (Cheng et al., 2018, 2019).
Based on the similar biological function of oligosaccha-
rides, we hypothesized that dietary COS supplementa-
tion could alleviate the negative effects of broilers
under heat stress. Therefore, the aim of this study was
to evaluate the effects of dietary COS supplementation
on growth performance; serum corticosterone (Cort),
growth hormone (GH), and insulin-like growth factor-1
(IGF-1) concentration; relative organ weight; liver func-
tion; meat quality; and muscle glycogen and lactate con-
tent, as well as muscle oxidative status in yellow-feather
broilers under heat stress.
MATERIALS AND METHODS

Experiment Design and Dietary Treatments

The experimental procedures were approved by the
Animal Care and Use Committee of Guangdong Ocean
University (SYXK-2018-0147). A total of 108 35-day-
old Chinese indigenous yellow-feather broilers (Frizzled
chicken, BW 470.31 6 13.15 g) were purchased from
local breeding company (Zhanjiang, Guangdong prov-
ince, China) and randomly allocated to 3 treatments.
Each treatment had 6 replication pens and 6 broilers
per pen. Dietary treatments were control group, basal
diet and raised under normal temperature (24�C); HS
group, basal diet and raised under cycle heat stress
(34�C from 10:00 to 18:00 and 24�C for the rest
time); and HSC group, basal diet with 200 mg/kg
COS and raised under cycle heat stress. Broilers of
each replication were assigned in battery pens
(124 cm length ! 64 cm width ! 40 cm height). The
basal diets (Table 1) were formulated to meet or exceed
the nutrient requirement of the Feeding Standard of
Chicken, China (NY/T 33-2004). Chitosan oligosaccha-
rides was purchased from Jiangsu Xinrui Biotechnology
Co., Ltd. (HPLC purity 95%, deacetylation degree
more than 95%, and average molecular weight lower
than 32 kDa). The feed was provided in mash form
and the supplementation of COS to the basal diet at
the expense of corn.
Growth Performance

The BW was recorded on pen basis at the beginning
and the end of the experiment to calculate ADG. Feed
consumption was recorded on pen basis every week to
calculate ADFI and gain:feed ratio (G:F).
Serum Parameters

At the end of the experiment, after 12-h fast, 6 broilers
per treatment (1 broiler from each replication pen) were
randomly selected, and the broilers were individually
weighted; then, blood samples were collected from the
brachial vein into nonheparinized tubes and centrifuged
at 3,000 g for 10 min at 4�C to obtain serum. The serum
samples stored at220�C until analysis. The serum Cort,
GH, IGF-1, alanine aminotransferase (ALT), and aspar-
tate aminotransferase (AST) concentration were
measured with commercial enzyme immunoassay kits
(Cusabio Biotech. Co., Ltd., Wuhan, Hubei, China) as
per the manufacturers’ instruction.
Relative Organ Weight

After blood sample collection, the broilers were killed
by cervical dislocation and exsanguinated. The proven-
triculus, gizzard, pancreas, liver, heart, thymus, spleen,
bursa of Fabricius, and abdominal fat (fat surrounding
the cloaca and gizzard) were excised and measured.
The relative organ weight (g/kg) was expressed as the
organ weight (g)/broiler weight (kg).
Meat Quality

Both sides of breast muscle were sampled for further
analysis. The left part was transported to the labora-
tory where meat quality analysis was immediately car-
ried out, whereas the right part was immediately
frozen and stored at 220�C for further analysis. The
pH value measured on breast muscle at a depth of
2.5 cm below the surface using a pH meter at 24 h
(pH24h) postmortem (Fisher Scientific, Pittsburgh,
PA). Meat color of the lightness, redness, and yellow-
ness were measured using a Model CR-410 Chroma
meter (Konica Minolta Sensing Inc., Osaka, Japan)
at 45 min postmortem. For cooking loss determination,
approximately 4 g of the sample was weighed, placed
in a plastic bag, and cooked to an internal temperature
of 75�C using a water bath; then, the cooked samples
were cooled for 30 min, blotted dry, and weighed.
Cooking loss values were calculated based on the
following equation: cooking loss (%) 5 (raw weight-



Table 1. Basal diet composition (as-fed basis).

Ingredients Content, %

Corn 69.95
Soybean 22.10
Soybean oil 2.70
Calcium hydrogen phosphate 1.70
Shell power 1.93
Salt 0.35
Met 0.10
Lys 0.05
Zeolite powder 0.80
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cooked weight)/raw weight ! 100. The drip loss was
measured using approximately 4 g of meat sample, ac-
cording to the method described by Honikel (1998),
briefly; the samples were packaged in a transparent
polythene bag and stored at 4�C for 1, 3, 5, 7 D, after
which the excess moisture was wiped out, and the
breast samples were weighed (on day 1, 3, 5, 7). Drip-
ping loss values were calculated based on the following
equation: dripping loss (%) 5 (raw weight-stored
weight)/raw weight ! 100.
Vitamin premix 0.16
Mineral premix2 0.16

Total 100.00
Nutrient level
ME, MJ/kg 12.65
CP, % 16.29
Calcium, % 1.18
Total phosphorus, % 0.62
Available phosphorous, % 0.41
Met, % 0.36
Lys, % 0.87
Met 1 Cys, % 0.64

1Provided per kilogram of complete diet: 12,8000 IU vitamin A; 1,600 IU
vitamin D3; 60 IU vitamin E; 1.6 mg vitamin K3; 0.12 mg biotin; 50 mg
choline; 1.2 mg folic acid; 32 mg nicotinic acid; 16 mg pantothenic acid;
4.8 mg riboflavin; 2.4 mg thiamine (VB1); 3.2 mg vitamin B6; and 0.03 mg
vitamin B12.

2Provided per kilogram of diet: Mg, 79 mg as manganese oxide; Zn,
60mg as zinc oxide; Cu 100mg as copper sulfate; Fe, 120mg as iron sulfate;
I, 0.96 mg as potassium iodine; Co, 0.16 mg as cobalt sulfate and Se,
0.24 mg as sodium selenite.
Muscle Glycogen and Lactate Content and
Muscle Oxidative Status

About 1 g of muscle sample was homogenized at a
ratio of 1: 9 (weight/volume) with ice-cold phos-
phate-buffered saline. Homogenate was centrifuged at
3,000 g for 10 min at 4�C to obtain supernatant, and
the analysis was immediately conducted. The breast
muscle protein concentration was determined using
the Bradford method (Bradford, 1976) with BSA as
the standard. The activities of superoxide dismutase
(SOD), glutathione peroxidase (GSH-Px), and cata-
lase (CAT) and the content of malondialdehyde
(MDA), glycogen, and lactate in breast muscle were
measured with corresponding assay kits (Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China)
following the manufacturer’s instructions. All results
were normalized to the total protein concentration in
each sample for intersample comparison. The breast
sample concentration was detected as per the Bradford
method (Bradford, 1976).
Statistical Analysis

The pen was used as the experiment unit, and all data
were analyzed with SAS 2003 (v. 9.1, SAS Institute Inc.,
Cary, NC). All data were analyzed using 1-way ANOVA
followed by Duncan’s multiple range test to analyze dif-
ferences among treatments. Differences were considered
significant at P , 0.05.
Table 2. Effects of chitosan oligosaccharides on growth perfor-
mance of yellow-feather broilers under heat stress.
RESULTS

Growth Performance

Compared with the control group, heat stress signifi-
cantly reduced (P , 0.05) ADG, ADFI, and G:F
(Table 2). Compared with the HS group, dietary COS
supplementation increased (P , 0.05) ADG.
Item Control HS HSC SEM

ADG, g 21.17a 16.27b 18.50c 0.65
ADFI, g 65.39a 61.25b 63.24a,b 0.73
G:F 0.32a 0.27b 0.29a,b 0.01

a,b,cWithin the same row with different superscripts differ (P , 0.05).
Abbreviations: COS, chitosan oligosaccharides; Control group, basal

diet and raised under normal temperature (24�C); G:F, gain:feed ratio; HS
group, basal diet and raised under cycle heat stress (34�C from 10:00 to
18:00 and 24�C for the rest time); HSC group, basal diet with 200 mg/kg
COS supplementation and raised under cycle heat stress.
Serum Cort, GH, and IGF-1 Level

Heat stress significantly increased (P , 0.05) serum
Cort and decreased GH concentration compared with
the control group (Figure 1). Dietary COS supplementa-
tion significantly decreased (P , 0.05) Cort and
increased (P , 0.05) GH concentration compared with
the HS group.
Relative Organ Weight

Compared with the control group, heat stress had no
significant effects on the relative weight of spleen, heart,
or abdominal fat but decreased (P , 0.05) the relative
weight of thymus, bursa of Fabricius, pancreas, proven-
triculus, gizzard, and liver (Table 3). Compared with the
HS group, dietary COS supplementation had no signifi-
cant effects on the relative weight of the spleen,
pancreas, proventriculus, gizzard, heart, and abdominal
fat but increased (P , 0.05) the relative weight of the
thymus, bursa of Fabricius, and liver.
Liver Function

Compared with the control group, heat stress
increased (P, 0.05) serum ALT and AST concentration
(Figure 2). Compared with the HS group, dietary COS
supplementation decreased (P , 0.05) serum ALT and
AST concentration.



Figure 1. Effects of chitosan oligosaccharides (COS) on serum corticosterone (Cort), growth hormone (GH), and insulin-like growth factor-1
(IGF-1) concentration in yellow-feather broilers under heat stress. Values are mean 6 SE. The values have different superscript letters are different
(P , 0.05). Abbreviations: Control group, basal diet and raised under normal temperature (24�C); HS group, basal diet and raised under cycle heat
stress (34�C from 10:00 to 18:00 and 24�C for the rest time); HSC group, basal diet with 200 mg/kg COS supplementation and raised under cycle heat
stress.
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Meat Quality and Muscle Glycogen and
Lactate Content

Compared with the control group, heat stress had no
significant effect on meat color (lightness, redness, and
yellowness) or drip loss (day 1, 3, 5 and 7), decreased
(P , 0.05) pH24h (Table 4) and glycogen content
(Figure 3), as well as increased (P , 0.05) cooking
loss (Table 4) and lactate content (Figure 3).
Compared with the HS group, dietary COS supple-
mentation had no significant effects on meat color
(lightness, redness, and yellowness) or drip loss (day
1, 3, 5 and 7), increased (P , 0.05) pH24h and glycogen
content, as well as decreased (P , 0.05) cooking loss
and lactate content.
Muscle Antioxidant Status

Compared with the control group, heat stress had
no significant effect on muscle CAT activity,
increased (P , 0.05) muscle MDA content, and
decreased (P , 0.05) muscle SOD and GSH-Px activ-
ity (Figure 4). Compared with the HS group, dietary
COS supplementation decreased (P , 0.05) muscle
MDA content and increased (P , 0.05) muscle SOD
and GSH-Px activity.
Table 3. Effects of chitosan oligosaccharides on relative weight
(g/kg BW) of yellow-feather broilers under heat stress.

Item Control HS HSC SEM

Thymus 2.95a 1.84b 2.52a 0.26
Spleen 1.88 1.62 1.72 0.13
Bursa of Fabricius 1.13a 0.72b 1.12a 0.11
Pancreas 1.92a 1.37b 1.41b 0.12
Proventriculus 3.38a 2.44b 2.70b 0.18
Gizzard 20.91a 14.58b 15.58b 1.35
Liver 20.62a 15.93b 18.14c 0.76
Heart 4.42 3.97 4.39 0.14
Abdominal fat 12.30 13.41 11.64 1.92

a,bWithin the same row with different superscripts differ (P , 0.05).
Abbreviations: COS, chitosan oligosaccharides; Control group, basal

diet and raised under normal temperature (24�C); HS group, basal diet and
raised under cycle heat stress (34�C from 10:00 to 18:00 and 24�C for the
rest time); HSC group, basal diet with 200 mg/kg COS supplementation
and raised under cycle heat stress.
DISCUSSION

Themain purpose of poultry production is to maintain
broilers’ health status, enhance the productivity and
better meat quality. It was indubitable that heat stress
adversely affected the growth performance of broilers
by inducing lower feed efficiency, intestinal damage,
metabolism disturbance, immune suppression and
oxidative stress (Cheng et al., 2018, 2019; He et al.,
2019). In this study, dietary COS supplementation
increased ADG of broilers under heat stress. Consistent
with our results, Li et al. (2007) and Zhou et al. (2009)
reported dietary COS supplementation improved BW
gain of broilers. Li et al. (2019) reported dietary COS
supplementation increased G:F, accompanied with
increasing intestinal barrier function, antioxidant capac-
ity and immunity. Xu et al. (2018) demonstrated that di-
etary chitosan supplementation increased ADG, G:F,
and antioxidant enzymes activities and regulated cyto-
kines of oxidative-stressed piglets. The positive effects
of COS on the growth performance in this study may
attribute to the improvement of feed intake, feed effi-
ciency, intestinal function, antioxidant capacity, and im-
mune response.

Serum Cort level is a convenient index for monitor
stress status of animals. Numerous studies showed that
heat stress increased serum Cort level (Quinterio-Filho
et al., 2010; Cheng et al., 2018). Similarly, in this study,
heat stress increased serum Cort level. As expected, die-
tary COS supplementation decreased serum Cort level,
which was consistent with the results of Li et al.
(2013), who indicated that dietary chitosan supplemen-
tation decreased the level of cortisol in weaning pigs. The
decreased serum Cort level in the HSC group suggested
that COS could alleviate heat stress, which might
explain the improved growth performance of broilers in
the HSC group.

GH and IGF-1 level are related to physiological pro-
cess of animal growth (Sirotkin, 2010). Liu et al.
(2013) reported that heat stress significantly decreased
serum GH and IGF-1 level in black-boned chicken.
Consistently, we also observed that heat stress decreased
serum GH level in yellow-feather broilers. In this
study, dietary COS supplementation increased GH
concentration, which was in agreement with the study



Figure 2. Effects of chitosan oligosaccharides (COS) on serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in yellow-
feather broilers under heat stress. Values are mean 6 standard error. The values have different superscript letters are different (P , 0.05). Abbrevi-
ations: Control group, basal diet and raised under normal temperature (24�C); HS group, basal diet and raised under cycle heat stress (34�C from 10:00
to 18:00 and 24�C for the rest time); HSC group, basal diet with 200 mg/kg COS supplementation and raised under cycle heat stress.
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of Li et al. (2007), who reported that dietary COS sup-
plementation increased serum GH in broilers. Dietary
COS supplementation increased serum GH of broilers
under heat stress, suggesting that COS had a vital role
in maintaining normal GH level and may be an adaptive
response to alleviate heat stress–induced damage, which
may explain the better growth performance of broilers
with dietary COS supplementation in this study.

The relative organ weight could reflect the growth and
development of organ in some degree. Previous studies
reported that heat stress decreased the relative weight
of the thymus, spleen, and bursa of Fabricius in broilers
(Calefi et al., 2016; He et al., 2019). In this study, we also
found that heat stress significantly decreased the relative
weight of the thymus and bursa of Fabricius, as well as
the relative weight of the pancreas, proventriculus,
gizzard, and liver. These results indicated that heat
stress caused damage to the growth and development
of organs, whereas dietary COS supplementation
increased the relative weight of the thymus, bursa of
Fabricius, and liver. In agreement with our results,
Deng et al. (2008) reported that dietary COS supple-
mentation increased the relative weight of the thymus,
Table 4. Effects of chitosan oligosaccharides on meat quality of
yellow-feather broilers under heat stress.

Item Control HS HSC SEM

Meat color
L* (lightness) 49.61 50.37 50.61 1.07
a* (redness) 10.33 10.39 10.39 0.16
b* (yellowness) 9.05 8.88 8.82 0.17

pH24h 5.73a 5.30b 5.62a 0.06
Drip loss, %

Day 1 3.00 3.17 3.17 ,0.00
Day 3 5.67 5.17 5.17 ,0.00
Day 5 10.33 10.00 10.00 ,0.00
Day 7 13.17 13.33 13.17 ,0.00

Cooking loss, % 15.66b 20.83a 16.67b 0.01

a,bWithin the same row with different superscripts differ (P , 0.05).
Abbreviations: COS, chitosan oligosaccharides; Control group, basal

diet and raised under normal temperature (24�C); HS group, basal diet and
raised under cycle heat stress (34�C from 10:00 to 18:00 and 24�C for the
rest time); HSC group, basal diet with 200 mg/kg COS supplementation
and raised under cycle heat stress.
spleen, and bursa of Fabricius in broilers under normal
conditions. Similarly, Zhou et al. (2009) reported dietary
COS supplementation increased the relative weight of
thr liver. These results suggested that COS have poten-
tial capacity to inhibit organ dysplasia and atrophy in
broilers under heat stress.
The serum ALT and AST level are widely used to

evaluate liver function, owing to both ALT and AST
are the earliest and most sensitive indicators of liver
injury. During liver damage, the release of ALT and
AST into the circulation lead to higher ALT and AST
level in serum. Therefore, the ALT and AST level in
the serum are used as a reliable and specific marker of
liver damage. Heat stress is known to induce tissue
injury and severe liver damage in ducks (Zeng et al.,
2014), the increased serum ALT and AST level reflected
the destruction of hepatocytes and liver function
(Tessari et al., 2010). Former studies indicated that
heat stress enhanced the serum ALT and AST level in
broilers (Attia et al., 2017). In this study, we also
observed heat stress increased the serum ALT and
AST level in yellow-feather broilers, which suggested
that heat stress induced liver damage. However, dietary
COS supplementation decreased the serum ALT and
AST level of broilers under heat stress. These results
indicated that COS may provide a potential nutritional
strategy to maintaining liver function in yellow-feather
broilers under heat stress. Consistently, Qiao et al.
(2011) reported that COS protected the adverse effects
of lipopolysaccharide on the liver of rats by decreasing
the serum ALT and AST level. Kong et al. (2018) also
reported that COS inhibited the D-galactose–induced
upregulation of the serum ALT and AST level.
Former studies reported that heat stress had detri-

mental effects on meat quality and even resulted in
pale, soft, and exudative-like meat, decreasing con-
sumers’ acceptability and economic loss (Zaboli et al.,
2019). In this study, heat stress induced poor meat qual-
ity by lowering pH24h and increasing cooking loss. Die-
tary supplementation with probiotics (Cramer et al.,
2018), prebiotics (Tavaniello et al., 2020), and ginger
(Wen et al., 2020) were proved as effective additives to
alleviate the negative effects of heat stress on meat



Figure 3. Effects of chitosan oligosaccharides (COS) on muscle glycogen and lactate content in yellow-feather broilers under heat stress. Values are
mean6 standard error. The values have different superscript letters are different (P, 0.05). Abbreviations: Control group, basal diet and raised under
normal temperature (24�C); HS group, basal diet and raised under cycle heat stress (34�C from 10:00 to 18:00 and 24�C for the rest time); HSC group,
basal diet with 200 mg/kg COS supplementation and raised under cycle heat stress.
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quality of broilers. Chitosan oligosaccharides also re-
ported as a promising feed additive to alleviate heat
stress. As expected, dietary COS supplementation
improved the meat quality of broilers by higher pH24h
and lower cooking loss under heat stress conditions.
The beneficial effects of COS on meat quality were high-
ly related to muscular energy metabolism and muscle
antioxidant status, which were important factors
affecting meat quality (Zhang et al., 2019). Glycogen
was the main energy reserve in muscle. It is known
that aerobic glycolysis generates a maximum of 38
Figure 4. Effects of chitosan oligosaccharides (COS) on anti-oxidant statu
mean6 SE. The values have different superscript letters are different (P, 0
under normal temperature (24�C); GSH-Px, glutathione peroxidase; HS grou
and 24�C for the rest time); HSC group, basal diet with 200 mg/kg COS supp
SOD, superoxide dismutase.
molecules of ATP per molecule of glucose, whereas
anaerobic glycolysis generates only 2 net molecules of
ATP per molecule of glucose alone with lactate fermen-
tation. The enhanced anaerobic glycolysis of muscle
glycogen resulted in lactate accumulation and further
decreased muscle pH (Zhang et al., 2014). Therefore,
the muscle glycogen and lactate content were used to
evaluate muscle energy metabolism. Former studies indi-
cated that heat stress increased postmortem glycolytic
metabolism, which resulted in decreasing muscle
glycogen content, lactate accumulation, and pH
s in breast muscle of yellow-feather broilers under heat stress. Values are
.05). Abbreviations: CAT, catalase; Control group, basal diet and raised
p, basal diet and raised under cycle heat stress (34�C from 10:00 to 18:00
lementation and raised under cycle heat stress; MDA, malondialdehyde;
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reduction (Wang et al., 2017; Zhao et al., 2019). In this
study, we also observed that heat stress decreased mus-
cle glycogen content and increased lactate content,
which might explain the lower pH24h and higher cooking
loss of broilers in the HS group, whereas dietary COS
supplementation increased muscle glycogen content
and decreased lactate content, accompanied with higher
pH24h and lower cooking loss, suggesting that COS
could improve meat quality through decreasing the
muscle glycogen glycolytic metabolism and lactate
accumulation.

It has been reported that heat stress could induce over-
production of reactive oxygen species in skeletal muscle
(Mujahid et al., 2009), which may damage the integrity
of muscle cell membrane (Huang et al., 2015), accelerate
lipid and protein oxidation (Est�evez, 2015), and result in
the imbalance of antioxidant enzymes (Azard et al.,
2010), eventually leading to the change of meat quality.
Therefore, the antioxidant capacity of muscle is also
crucial to meat quality (Pan et al., 2018). Previous
studies indicated that heat stress had detrimental effects
on muscle antioxidant status and increased MDA con-
tent (Cramer et al., 2018; Wen et al., 2020). Similarly,
in this study, we observed that heat stress increasedmus-
cle MDA content and decreased SOD andGSH-Px activ-
ity, which indicated a decreased muscle antioxidant
capacity, alone with increased lipid peroxidation. Li
et al. (2019) reported that dietary COS supplementation
increased SOD activity in the duodenum and decreased
MDA content in the jejunum of broilers. As expected, di-
etary COS supplementation increased muscle antioxi-
dant status (higher muscle SOD and GSH-Px activity)
and decreased lipid peroxidation (lower MDA content)
in broilers under heat stress, suggesting that COS could
improve meat quality of broilers under heat stress via
direct antioxidant capacity.
CONCLUSION

In conclusion, dietary COS supplementation can be
used as an effective feed additive to maintain growth
performance, liver function, meat quality, muscle
glycolysis metabolism, and oxidative status of yellow-
feather broilers under heat stress. The reduction of
muscle glycolysis metabolism and better oxidative sta-
tus are probably the reason for improving meat quality
by dietary COS supplementation in broilers under heat
stress.
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