Effect of intermittent mild cold stimulation on intestinal immune function and
the anti-stress ability of broilers

Shijie Zhang,* Rixin Gong,* Ning Zhao,” Yong Zhang,” Lu Xing,* Xiaotao Liu,* Jun Bao,' and

Jianhong Li

*,1

“College of Life Science, Northeast Agricultural University, Harbin 150030, China; and ' College of Animal Science
and Technology, Northeast Agricultural University, Harbin 150030, China

ABSTRACT A total of 240 healthy 1-day-old Ross
308 male broilers were randomly divided into 3 groups
(CSO group, CS3 group, and CS6 group), with 5 repli-
cates in each group and 16 broilers in each replicate, in
order to evaluate the effects of intermittent mild cold
stimulation (IMCS) on the intestinal immune function
and anti-cold stress ability of broilers after acute cold
stress. The mRNA expression levels of cytokines and
Toll-like receptors (TLRs) in the duodenum and jeju-
num were detected at the end of cold stimulation (36 d),
2 wk after recovery (50 d), and after acute cold stress
(Y6). In addition, the mRNA and protein expression lev-
els of heat shock proteins (HSPs) were measured before
and after acute cold stress. The experimental data were
statistically processed using 1-way ANOVA and Dun-
can’s multiple comparisons. The results showed that the
mRNA expression levels of IL2, IL8, IFN y, TLR7, and
TLR21 in the duodenum and IL2 and IFN y in jejunum
were significantly higher in the CS6 group than in the

CS0 and CS3 groups at 36 d (P < 0.05). All TLR levels
in the jejunum were significantly lower in the CS3 group
than in the CS0 and CS6 groups at 36 d (P < 0.05).
After 6 h of acute cold stress, in the duodenum, the
mRNA expression levels of IL6 and IL8 were signifi-
cantly decreased in the CS0 and CS6 groups compared
to levels at 50 d (P < 0.05), while levels in the CS3 group
remained stable (P > 0.05). Compared with 50 d, the
expression level of HSP mRNA in the jejunum in the
CS3 group was relatively stable compared to that in the
CS0 and CS6 groups after acute cold stress (P > 0.05).
At the protein level, the HSP60 expression level in the
duodenum and HSP40, HSP60, and HSP70 expression
levels in the jejunum were significantly higher in the
CS3 group than in the CS0 and CS6 groups after acute
cold stress (P < 0.05). In conclusion, cold stimulation
training at 3°C/3 h lower than the conventional feeding
temperature can improve the intestinal immune func-
tion and anti-stress ability of broilers.
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INTRODUCTION

A low ambient temperature of 10°C to 20°C below the
conventional feeding temperature usually causes cold
stress to poultry, which has negative impacts on animal
production performance, the antioxidant system, the
immune system, and the neuroendocrine system and can
even lead to animal death in serious cases (Tsiouris
et al., 2015; Hu et al., 2021). Therefore, cold weather has
become one of the most important factors restricting the
development of the livestock and poultry industry in
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northern China (Dantzer et al., 1983). How to minimize
the loss caused by low temperature has become the most
concerning problem in livestock production. Studies
have shown that cold adaptation can enhance the
immune function and disease resistance of animals. Man-
ning et al. (1990) found that early cold stimulation
training can improve the antioxidant function of birds.
Shender et al. (2007) believed that when broilers of 3
to 4 d of age were exposed to 15°C for 3 h every day,
broilers at 21 d of age had high cold resistance and
reduced mortality. After cold adaptation at 2°C for 2
wk, the cell-mediated immune function of mice was
found to be enhanced (Xu et al., 1992). The disease resis-
tance of cold-adapted mice was significantly enhanced
(Banerjee et al., 1999). After repeated immersion in cold
water at 14°C for 6 wk (1 h/time, 3 times/wk), cold
adaptation can be established, and the immune system
is activated to a certain extent (Jansky et al., 1996).
Therefore, proper cold training for broilers to enhance


http://orcid.org/0000-0002-7736-0333
https://doi.org/10.1016/j.psj.2022.102407
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jhli@neau.edu.cn

2 ZHANG ET AL.

their cold resistance has become a feasible breeding
method.

The intestinal tract is the largest surface in the body
that contacts the external environment, is the main
place where nutrients are absorbed, and is the largest
immune organ in the body. Intestinal-associated lym-
phoid tissue and its secreted immunoglobulins, cyto-
kines, and other immune substances together constitute
the intestinal mucosal immune barrier (Shi et al., 2017).
In poultry, the digestion and absorption of nutrients
mainly occur in the small intestine, and its normal struc-
ture and function play an important role in the animal
body (Wen et al., 2021). Increasing epidemiological evi-
dence indicated that abnormal ambient temperatures
can increase the risk of death in animals by causing
intestinal function damage (Song et al., 2017). Some
studies have shown that long-term cold stimulation can
cause congestion of the duodenum and glandular stom-
ach in chicks, while frequent cold stimulation can lead to
gastrointestinal ulcers and other diseases (Huang et al.,
2016).

Cytokines can extensively regulate the immune
response of the body and participate in inflammatory
damage and other pathological processes (Al-Zghoul
et al., 2019). Intestinal microbes can influence T cell sub-
sets and differentiate initial T cells into Th1 or Th2 cells
through mutual recognition of receptors on the surface
of dendritic cells (Zeuthen et al., 2008). However,
chronic stress leads to a transformation from Thl-medi-
ated cellular immunity to Th2-mediated humoral immu-
nity, thus affecting the infection process and microbial
susceptibility (Verbrugghe et al., 2012). Cold stress can
increase the level of pro-inflammatory cytokines. Hanga-
lapura et al. (2006) found that cold stress at 10°C
increased IL18, IL6, and IL128 mRNA expression levels
of pro-inflammatory cytokines in peripheral blood leuko-
cytes of chickens. Zhao et al. (2013a) showed that 12°C
cold stress significantly increased the expression level of
IL4 in the small intestine of broilers. Xu et al. (2019)
found that IL6 and TNFa levels increased significantly
in the hippocampus of mice after placing the mice in a 4°
C environment (3 h/d) for 7 d. One study showed that
acute cold stress can inhibit the Thl response in the
ileum, reduce the level of IFN y, and cause morphologi-
cal damage, oxidative stress, and inflammation in the
ileum of broilers (Su et al., 2018). A study by Wei et al.
(2018) showed that IFN y content in the heart tissue of
broilers was significantly reduced when the broilers were
subjected to acute cold stress.

Toll-like receptors (TLRs) are an important class of
protein molecules involved in nonspecific immunity
(innate immunity) and act as a bridge connecting non-
specific immunity and specific immunity. TLRs can not
only prevent the invasion of microbial pathogens but
also regulate immune homeostasis (Takeda et al., 2005).
The intestinal innate immune system can recognize
pathogens by regulating TLRs on the surface of macro-
phages, dendritic cells, and epithelial cells to bind lipo-
polysaccharide of the bacterial cell wall (Medzhitov
et al, 1997). The inflammatory reaction makes

microbial exotoxins pass through the intestinal barrier
to directly stimulate the intestinal immune system (Led-
better et al., 2000). TLR signaling can also activate the
NF-«B pathway and induce the expression of IL6 and
IL8, thereby activating innate immune responses and
adaptive immune responses (Medzhitov et al., 1997).
When the temperature changes sharply, cells maintain
homeostasis by regulating the expression of TLR. genes.
Liet al. (2020) found that after cold stimulation training
(43 d, 3°C lower than the control group), the mRNA
expression level of TLR7 in the duodenum of broilers
was significantly higher than that in the control group,
while TLR21 expression was significantly decreased.
Basu et al. (2015) fed Calta fry in an environment (10°
C, 15°C, and 20°C) lower than the water temperature
(25°C) of the control group for 12 h, and the expression
of TLR2 decreased with decreasing ambient tempera-
ture. Paul showed that the mRNA expression levels of
TLR2 and TLRY in the blood of Black Bengal goats
stimulated by long-term cold in winter were lower than
those in the mild control group, which reduced the activ-
ity of dendritic cells and macrophages and resulted in
decreased immune function (Paul et al., 2015).

Heat shock proteins (HSPs) are a series of highly con-
served molecular chaperones that play important roles
in the folding and opening of proteins and the assembly
and disassembly of protein complexes (Bernabo et al.,
2011). As a typical marker of injury, HSPs are produced
at low levels under normal physiological conditions and
are produced at high levels under various stress states,
such as oxidative stress, toxin exposure, and heat and
cold stress, thus protecting cells from the damage caused
by various types of stress (Morrow et al., 2015; Zhao
et al., 2016). The oxidative stress response caused by
cold stress is often accompanied by high expression of
HSPs. Zhao et al. (2013b) found that cold stress at 12°C
caused an oxidative stress response in broiler hearts and
significantly upregulated the expression of HSP27,
HSP40, HSP60, and HSP70 in the hearts. Zhao et al.
(2014) showed that cold stress at 12°C upregulated the
expression levels of HSPs (HSP27, HSP40, HSP60,
HSP70, and HSP90) in chicken immune organs. Moha-
narao et al. (2014) found that the expression of HSP27
in peripheral blood monocytes of goats was upregulated
after 3 h of cold stress in a cold environment of 10°C.
Chen et al. (2014) found that HSP70 expression in the
heart, liver, and muscle was significantly elevated after
5-wk-old Huainan ephedra chickens were placed in a 2°C
environment for 72 to 144 h. In conclusion, the expres-
sion level of HSPs can be used as an indicator of the
stress response in animals.

The negative effects of low temperature and other
stressors on animals have been studied previously, but
animals can adapt to the environment (Fu et al., 2022).
Therefore, it is particularly important to explore ways
to induce cold adaptation in animals and make them
resistant to cold stress. It has been shown that long-term
cold stimulation training under conditions 3°C lower
than the normal temperature can establish cold adapt-
ability in broilers and improve immune function and
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cold resistance (Su et al., 2018; Wei et al., 2018). There-
fore, to further compare the differences in adaptability
and immune regulation induced by different cold stimu-
lation schemes during intermittent mild cold stimulation
(IMCS), we evaluated the expression levels of TLRs,
cytokines, and HSPs in the intestine. Through IMCS
training, the adverse effects of acute cold stress on
broilers were alleviated.

MATERIALS AND METHODS
Animals and Study Design

All experimental procedures were approved by the
Institutional Animal Care and Use Committee of North-
east Agricultural University, Harbin, China (protocol
number: TACUCNEAU20150616). The experimental
temperature conditions are shown in Figure 1.

Two hundred forty healthy 1-day-old Ross broilers
were randomly divided into the cold stimulation 0 h
group (CSO group), cold stimulation 3 h group (CS3
group), and cold stimulation 6 h group (CS6 group).
The CSO0 group was managed according to the standard
feeding temperature during the growth stage of the
broiler. A cold stimulation time that was 3°C lower than
the feeding temperature for the CS0 group at 9:30 am to
12:30 am and 9:30 am to 15:30 pm was applied. Cold
stimulation was conducted when the broilers were 15 to
35 d of age, and cold stimulation training was conducted
every 2 d. From 36 to 49 d of age, the feeding tempera-
ture for the 3 groups of broilers was maintained at 20°C.
At the age of 50 d, all groups were subjected to acute
cold stress at 10°C for 6 h (8:00 am—14:00 pm).

Broilers were raised in 3 artificial climate houses with
a feeding density of 9 broilers/ m?. For 1 to 14 d, the rela-
tive humidity was maintained at 60% to 70%, and for 15
to 50 d, the relative humidity was kept at 40% to 50%.
Lighting conditions were 24 h of light: 0 h of dark (24 L:
0D)on1lto3dand23L:1Don4to50d, and the dark
time was set at 20:00 to 21:00 every day. The light inten-
sity was 40 lux for 0 to 14 d and 15 lux for 15 to 50 d.
Chickens were provided free access to feed and water.

Broilers were fed the complete starter diet (21.00% crude
protein [CP], 12.10 megajoules [MJ]/kg metabolizable
energy [ME]) for 1 to 21 d. Broilers were raised on a
grower diet (19.00% CP, 12.60 MJ/kg of ME) for 22 to
50 d. Immunization procedures were performed accord-
ing to the Ross broiler production standards.

Sample Collection

One broiler was randomly selected from 5 replicates
per group on day 36 and before acute cold stress at 50 d
of age for slaughtering at 08:00 am. After acute cold
stress, the broilers were slaughtered at 14:00 pm. The
chickens were fasted beginning at 20:00 the day before
slaughter. The middle segments of the duodenum and
jejunum were quickly collected, washed with precooled
normal saline, temporarily stored in liquid nitrogen for
quick freezing, and then uniformly stored at -80°C.

RNA Extraction and Gene Expression
Analysis

Under the guidance of the manufacturer’s instruc-
tions, TRIzol (Takara, Dalian, China) was used to
extract total RNA from duodenum and jejunum broiler
tissue samples. The dried RNA was dissolved in 50 uL
diethypyrocarbonate water. The integrity of the RNA
was detected via 1.5% agarose gel electrophoresis. The
purity of RNA was determined by measuring the
0OD260/0D280 ratio with a UV spectrophotometer
(Thermo Fisher Scientific, Carlsbad, CA). According to
the instructions, cDNA was synthesized by reverse tran-
scription of RNA with ReverTra Ace qPCR RT Master
Mix and gDNA Remover (Toyobo, Osaka, Japan) and
stored at -80°C.

The sequences of the primers used in the experiment
are shown in Table 1. Primers were designed with
Primer Premier 5.0 (Premier Biosoft International, Palo
Alto, CA) and synthesized by biotechnology company
(Sangon, Shanghai, China). A LightCycler 480IT Real-
Time PCR system (Roche, Basel, Switzerland) was used
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Figure 1. The specific experimental temperature scheme.
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Table 1. The primers used in the experiment.

Gene Serial number Primer sequences (5-3)
p-actin NM_205518.1 F:CACCACAGCCGAGAGAGAAAT
R:TGACCATCAGGGAGTTCATAGC
IFN y NM_205149.1 F:GAACTGGACAGGGAGAAATGAGA
R:ACGCCATCAGGAAGGTTGTT
IL-2 NM_204153.1 F:CTGTATTTCGGTAGCAATG
R:ACTCCTGGGTCTCAGTTG
IL-6 NM_ 204628.1 F:AAATCCCTCCTCGCCAATCT
R:CCCTCACGGTCTTCTCCATAAA
IL-8 NM _205018.1 F:GGCTTGCTAGGGGAAATGA
R:AGCTGACTCTGACTAGGAAACTGT
IL-17 NM _204460.1 F:GCCATTCCAGGTGCGTGAACTC
R:CGGCGGAGGACGAGGATCTC
TLR2 XM_001232192294a F:GATTGTGGACAACATCATTGACTC
R:AGAGCTGCTTTCAAGTTTTCCC
TLR4 NM _001030693.1190a F:AGTCTGAAATTGCTGAGCTCAAAT
R:GCGACGTTAAGCCATGGAAG
TLR5 NM _001024586124a F:CCTTGTGCTTTGAGGAACGAGA
R:CACCCATCTTTGAGAAACTGCC
TLR7 NM_001011688219b F:TTCTGGCCACAGATGTGACC
R:CCTTCAACTTGGCAGTGCAG
TLR21 NM_001030558112a F:TGCCCCTCCCACTGCTGTCCACT
R:AAAGGTGCCTTGACATCCT
HSP27 NM _205290.1 F:ACACGAGGAGAAACAGGATGAG
R:ACTGGATGGCTGGCTTGG
HSP40 NM_001199325.1 F:GGGCATTCAACAGCATAGA
R:TTCACATCCCCAAGTTTAGG
HSP60 NM_001012916.2 F:AGCCAAAGGGCAGAAATG
R:TACAGCAACAACCTGAAGACC
HSP70 NM_001006685.1 F:CGGGCAAGTTTGACCTAA
R:TTGGCTCCCACCCTATCTCT
HSP90 NM_001109785.1 F:TCCTGTCCTGGCTTTAGTTT
R:AGGTGGCATCTCCTCGGT
HSP110 NM_001159698.1 F:ATCCTAATGGAGTCCCGTAT

R:CACCGACATCCTCACTATCT

for qPCR amplification. Each 10 uLi reaction system
contained 1 uLL cDNA template, 0.3 uL each of forward
primers and reverse primers, 5 . THUNDERBIRD
SYBR ¢PCR Mix (Toyobo) and 3.4 pL enzyme-free
water. The qPCR amplification conditions involved 3
steps: predenaturation at 95°C for 60 s, repeated 40
cycles of denaturation at 95°C for 15 s, and extension at
60°C for 60 s. Each qPCR was analyzed with a melting
curve. The relative mRNA expression levels of target
genes were calculated using the 2724 method, with the
housekeeping gene S-actin as an internal reference.

Western Blot Analysis

Total protein was extracted from frozen broiler duo-
denum and jejunum tissues with western IP cell lysis
buffer (SparkJade, Harbin, China) containing 1%
PMSF (Biosharp, Beijing, China). A BCA protein con-
centration assay kit (SparkJade) was used to detect the
protein concentration, which was adjusted to 4 ug/uL.
An equal amount of total protein (32 pg/condition) was
placed on a 12.5% gel (SparkJade) for SDS-PAGE. The
proteins were transferred to an NC membrane (Spark-
Jade) using semidry transfer equipment (Liuyi, Beijing,
China). The membranes were blocked with 5% skim
milk at 37°C for 2 h and cleaned with phosphate buffered
solution + 0.05% Tween-20, 3 times, and then, specific
primary antibodies against HSP40 (1:600, ABclone,
Harbin, China), HSP60 (1:400, ABclone), HSP70

(1:1800, ABclone), and p-actin (1:9000, Zenbo,
Chengdu, China) were incubated with the NC mem-
branes at 4°C overnight. Then, horseradish peroxidase-
labeled goat anti-rabbit IgG (1:9000, Zenbo) was incu-
bated with the membranes. Finally, an enhanced chemi-
luminescence kit (SparkJade) was used to observe the
protein bands with a grayscale scanner (GeneGno-
meXRQ, Cambridge, UK). The bands were analyzed
using ImageJ (NIH, Bethesda, MD). The relative expres-
sion levels of HSPs are expressed as the ratio of the gray
value for each target protein to the gray value for
B-actin.

Statistical Analysis

Data were analyzed using SPSS 21.0 (IBM, Amunk,
NY). After assessment of a normal data distribution
with a Kolmogorov—Smirnov test, the mRNA expression
levels of cytokines (IL2, IL6, IL8, IL17, and IFN y),
TLRs (TLR2, TLR4, TLR5, TLR7, and TLR21), and
HSPs (HSP27, HSP40, HSP60, HSP70, HSP90, and
HSP110) and the protein expression levels of HSPs
(HSP40, HSP60, and HSP70) in the duodenum and jeju-
num were compared by applying 1-way ANOVA, and
multiple comparisons were conducted using Duncan’s
test. All results are expressed as the mean 4 standard
deviation. Differences were considered significant when
P values were < 0.05.
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RESULTS

Effect of Intermittent Cold Stimulation on the
mRNA Expression Levels of Cytokines

The effect of intermittent cold stimulation on the
mRNA expression of cytokines in the duodenum and
jejunum of broilers is shown in Figures 2 and 3.

In the duodenum, the mRNA expression levels of IL2,
IL8, and IFN y were significantly higher in the CS6
group than in the CSO and CS3 groups at 36 d (P <
0.05). The expression level of IL17 mRNA was signifi-
cantly lower in the CS6 group than in the CS3 group
but significantly higher than that in the CS0 group (P <
0.05). At 50 d, compared with the CSO group and CS3
group, the expression levels of IL2 and IL8 mRNA were
significantly higher in the CS6 group (P < 0.05). The
mRNA expression level of IL17 was significantly lower
in the CS3 group than in the CSO group but significantly
higher than that in the CS6 group (P < 0.05). The
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mRNA expression level of IFN y was significantly lower
in the CS3 group than in the CS6 group but significantly
higher than that in the CSO group (P < 0.05). There was
no significant difference in the expression of IL6 mRNA
among the groups at 36 d and 50 d (P > 0.05). Com-
pared with 36 d, the expression level of IL2 mRNA was
significantly decreased in the CS0 group (P < 0.05), and
the expression levels of IL6, IL8, and IL17 mRNA were
significantly increased at 50 d (P < 0.05). The expression
level of IL8 mRNA was increased significantly in the
CS6 group (P < 0.05). The mRNA expression level of
IL17 was significantly decreased in the CS3 and CS6
groups (P < 0.05). The mRNA expression level of IFN y
was significantly increased in the CS3 group (P < 0.05).
In the jejunum, compared with the CSO group and
CS3 group, the mRNA expression levels of IL2 and IFN
y were significantly higher in the CS6 group at 36 d (P <
0.05). The expression level of IL6 mRNA was signifi-
cantly higher in the CS0 group than in the CS3 and CS6
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Figure 2. Effect of intermittent cold stimulation on cytokines mRNA expression in duodenum of broilers. Data were presented as mean =+ standard
deviation. (a-c) indicate significant difference between treatment groups (P < 0.05). x and y indicate significant difference 36 d and 50 d (P < 0.05).
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Figure 3. Effect of intermittent cold stimulation on cytokines mRNA expression in jejunum of broilers. Data were presented as mean =+
standard deviation. (a-c) indicate significant difference between treatment groups (P < 0.05). x and y indicate significant difference 36 d and 50 d

(P<0.05).

groups (P < 0.05). The expression level of IL17 mRNA
was significantly higher in the CS3 group than in the
CS0 group and CS6 group (P < 0.05). At 50 d, the
mRNA expression levels of IL2 and IL17 showed a down-
ward trend with increasing cold stimulation time, and
the levels in the CSO group were significantly higher
than those in the CS6 group (P < 0.05). The expression
level of IL8 mRNA was significantly higher in the CS6
group than in the CS0O group and CS3 group (P < 0.05).
The mRNA expression levels of IL6 and IFN y were not
significantly different among the groups (P > 0.05).
Compared with 36 d, the mRNA expression levels of IL.2
and IL17 were significantly increased at 50 d in the CS0
group (P < 0.05). The expression level of IL6 mRNA in
each group was significantly decreased (P < 0.05). The
IL8 mRNA expression level in the CSO group and CS3
group and the IFN y mRNA expression level in the CS6
group were significantly decreased (P < 0.05).

Effect of Intermittent Cold Stimulation on
TLR mRNA Expression Levels

The effect of intermittent cold stimulation on the
mRNA expression levels of TLRs in the duodenum and
jejunum of broilers is shown in Figures 4 and 5.

In the duodenum, TLR2, TLR7, and TLR21 mRNA
expression levels showed an increasing trend with
increasing cold stimulation time at 36 d, and the
expression levels in the CS6 group were significantly
higher than those in the CSO group (P < 0.05). The
expression level of TLR4 mRNA was significantly
higher in the CS3 group than in the CSO and CS6
groups (P < 0.05). There was no significant difference
in TLR5 mRNA expression among the groups at 36 d
(P> 0.05). At 50 d, TLR2 mRNA expression was sig-
nificantly higher in the CS6 group than in the CSO0
group and CS3 group (P < 0.05). The expression levels
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Figure 4. Effect of intermittent cold stimulation on Toll-like receptors (TLRs) mRNA expression in duodenum of broilers. Data were presented
as mean =+ standard deviation. (a-c) indicate significant difference between treatment groups (P < 0.05). x and y indicate significant difference 36 d

and 50 d (P < 0.05).

of TLR4 and TLR21 mRNA were significantly lower
in the CS3 group than in the CSO and CS6 groups (P
< 0.05), and levels in the CSO group were significantly
higher than those in the CS6 group (P < 0.05). Com-
pared with the CS0O group and CS6 group, the expres-
sion level of TLR5 mRNA was significantly higher in
the CS3 group (P < 0.05). The expression level of
TLR7 mRNA was significantly higher in the CS3
group than in the CS6 group (P < 0.05). Compared
with 36 d, at 50 d, TLR2 mRNA expression levels in
the CSO group and CS6 group, TLR7 mRNA expres-
sion levels in the CSO group and CS3 group and
TLR21 mRNA expression levels in all groups were sig-
nificantly increased (P < 0.05). The TLR4 mRNA
expression levels in the CS3 group and CS6 group and
the TLR5 mRNA expression level in the CS0 group
were significantly decreased (P < 0.05).

In the jejunum, the mRNA expression levels of TLR2,
TLR4, TLR5, TLR7, and TLR21 were significantly

lower in the CS3 group than in the CS0O group and CS6
group at 36 d (P < 0.05). The expression level of TLR5
mRNA was significantly higher in the CSO group than in
the CS6 group (P < 0.05). TLR7 and TLR21 mRNA
expression levels were significantly higher in the CS6
group than in the CS0O group (P < 0.05). At 50 d, the
expression levels of TLR4 and TLR7 mRNA increased
with the time of cold stimulation, the expression level of
TLR4 mRNA in the CS6 group was significantly higher
than that in the CS0O group (P < 0.05), and the expres-
sion level of TLR7 mRNA was significantly higher in the
CS6 group than in the CSO group and CS3 group (P <
0.05). Compared with the CSO group and CS6 group,
the expression level of TLR21 mRNA was significantly
higher in the CS3 group (P < 0.05). There was no signifi-
cant difference in the expression level of TLR2 and
TLR5 mRNA among the groups (P > 0.05). Compared
with 36 d, the TLR2 mRNA expression level in the CS3
group was significantly increased at 50 d (P < 0.05). The
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Figure 5. Effect of intermittent cold stimulation on Toll-like receptors (TLRs) mRNA expression in jejunum of broilers. Data were presented as
mean =+ standard deviation. (a-c) indicate significant difference between treatment groups (P < 0.05). x and y indicate significant difference 36 d

and 50 d (P < 0.05).

expression levels of TLR4 in the CS0O group and TLR7
mRNA in the CSO and CS6 groups were significantly
decreased (P < 0.05). The expression levels of TLR5 and
TLR21 mRNA in the 3 groups were significantly
decreased (P < 0.05).

Effects of Acute Cold Stress on the mRNA
Expression Levels of Cytokines

The effect of acute cold stress on the mRNA expres-
sion of cytokines in the duodenum and jejunum of
broilers is shown in Figures 6 and 7.

In the duodenum, the mRNA expression levels of I1.2 and
IFN y in Y6 were not significantly different between the
groups (P> 0.05), and when compared with 50 d, the differ-
ence was still not significant (P > 0.05). In Y6, the mRNA
expression levels of 1L6, IL8, and IL17 were significantly
higher in the CS3 group than in the CSO group and CS6

group, but only IL8 and IL.17 levels were significantly higher
in the CS6 group than in the CSO group (P < 0.05). Com-
pared with 50 d, IL6 and IL8 mRNA expression levels were
significantly decreased in the CS0 group and CS6 group after
acute cold stress (P < 0.05), IL17 mRNA expression levels
were significantly decreased in the CSO group (P < 0.05),
and IL17 mRNA expression levels were significantly
increased in the CS3 group (P < 0.05).

In the jejunum, the IL2, IL6, IL8, and IL17 mRNA
expression levels in the CS3 group after acute cold stress
were significantly higher than those in the CS0 group
and CS6 group (P < 0.05), but the IL2 mRNA expres-
sion level in the CS0O group was significantly higher than
that in the CS6 group (P < 0.05), and the IL8 and IL17
mRNA expression levels in the CS6 group were signifi-
cantly higher than that in the CSO group (P < 0.05).
The mRNA expression level of IFN y was significantly
higher in the CS6 group than in the CS3 group but sig-
nificantly lower than that in the CSO group (P < 0.05).
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Figure 6. Effect of acute cold stress on cytokines mRNA expression in duodenum of broilers. Data were presented as mean + standard devia-
tion. (a-c) indicate significant difference between treatment groups (P < 0.05). x and y indicate significant difference 50 d and Y6 (P < 0.05).

Compared with 50 d, in Y6, IL2 and IL6 mRNA expres-
sion levels were significantly increased in the CSO and
CS3 groups (P < 0.05), and the IL8 mRNA expression
level in the CS3 group and the IFN y mRNA expression
level in the CSO and CS6 group were also significantly
increased (P < 0.05). IL8 mRNA expression was signifi-
cantly decreased in the CS0 and CS6 groups, and IL17
mRNA expression was significantly decreased in the
CS0 and CS3 groups (P < 0.05).

Effects of Acute Cold Stress on TLR mRNA
Expression Levels

The effect of acute cold stress on the mRNA expres-
sion of TLRs in the duodenum and jejunum of broilers is
shown in Figures 8 and 9.

In the duodenum, TLR4 and TLR21 mRNA expres-
sion in the CS3 group in Y6 was significantly higher

than that in the CSO group and the CS6 group (P <
0.05). The mRNA expression level of TLR7 was signifi-
cantly higher in the CS3 group than in the CS0 group (P
< 0.05), but the difference was not significant compared
with the CS6 group (P > 0.05). There was no significant
difference in the expression of TLR2 and TLR5 mRNA
among all groups in Y6 (P > 0.05). Compared with 50 d,
the level of TLR4 mRNA expression was significantly
reduced in the CSO group and the CS6 group after acute
cold stress (P < 0.05), the TLR7 and TLR21 mRNA
expression levels were significantly reduced in the CSO
group (P < 0.05), and the TLR21 mRNA expression
level was significantly increased in the CS3 group (P <
0.05).

In the jejunum, TLR2 mRNA expression levels after
acute cold stress were inversely correlated with inter-
mittent cold stimulation time, and the differences
were significant among all groups (P < 0.05). The
TLR5 mRNA expression level also decreased with
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increasing intermittent cold stimulation time, but only
that in the CS6 group was significantly lower (P <
0.05). The level of TLR7 mRNA expression was signif-
icantly higher in the CS3 group than in the CSO group
(P < 0.05), and the level of TLR21 mRNA expression
was significantly higher in the CS3 group than in the
CS0 group and the CS6 group (P < 0.05). There was
no significant difference in the expression of TLR4
mRNA among the groups (P > 0.05). Compared with
50 d, the TLR2 mRNA expression level was signifi-
cantly reduced in the CS6 group after acute cold stress
(P < 0.05). The TLR4 mRNA expression level was sig-
nificantly decreased in each group (P < 0.05). The
TLR2 and TLR5 mRNA expression levels were signifi-
cantly increased in the CSO group (P < 0.05). The
TLR7 and TLR21 mRNA expression levels were sig-
nificantly reduced in the CSO group and CS6 group
(P < 0.05).

Effects of Acute Cold Stress on Expression
Levels of HSP mRNA

The effect of acute cold stress on the mRNA expres-
sion of HSPs in the duodenum and jejunum of broilers is
shown in Figures 10 and 11.

In the duodenum, the mRNA expression levels of
HSP27, HSP40, HSP70, and HSP110 at 50 d showed an
increasing trend with increasing intermittent cold stimu-
lation time, and the differences between groups were sig-
nificant (P < 0.05). The HSP60 mRNA expression level
was significantly higher in the CS6 group than in the
CS0 group and the CS3 group (P < 0.05). The HSP90
mRNA expression level showed a trend of first increasing
and then decreasing with increasing intermittent cold
stimulation time, the differences between the groups
were significant, and the expression level in the CS6
group was significantly higher than that in the CSO
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group (P < 0.05). After acute cold stress, all HSPs
showed a trend of first decreasing and then increasing
with increasing intermittent cold stimulation time, but
not all showed a significant difference trend. The expres-
sion level of HSP27 mRNA was significantly higher in
the CS6 group than in the CS3 group but significantly
lower than that in the CS0 group (P < 0.05). Compared
with the CSO group and CS3 group, the expression levels
of HSP40 and HSP70 mRNA were significantly higher
in the CS6 group (P < 0.05). The expression level of
HSP60 mRNA was significantly lower in the CS3 group
than in the CSO group and the CS6 group (P < 0.05).
The expression level of HSP90 mRNA was significantly
higher in the CS0 group than in the CS3 group but sig-
nificantly lower than that in the CS6 group (P < 0.05).
The expression level of HSP110 mRNA was significantly
higher in the CSO group than in the CS3 group and the
CS6 group (P < 0.05). There was no significant differ-
ence in the level of HSP mRNA expression between the

other groups (P > 0.05). Compared with 50 d, the
expression levels of HSP27, HSP40, HSP70, HSP90, and
HSP110 mRNA after acute cold stress were significantly
decreased in the CS3 and CS6 groups (P < 0.05). HSP60
mRNA expression levels were also significantly reduced
in the CS3 group (P < 0.05). The HSP27, HSP40,
HSP60, and HSP110 mRNA expression levels were sig-
nificantly upregulated in the CS0 group (P < 0.05).

In the jejunum, the expression levels of HSP27,
HSP90, and HSP110 mRNA at 50 d were significantly
higher in the CS6 group than in the CS0 and CS3 groups
(P < 0.05). The HSP40 mRNA expression level in the
CS6 group was significantly higher than that in the CS3
group but significantly lower than that in the CSO group
(P < 0.05). The level of HSP70 mRNA expression was
significantly higher in the CS6 group than in the CSO
group (P < 0.05). The expression level of HSP40 mRNA
was significantly lower in the CS3 group than in the CSO
group, but the expression level of HSP110 mRNA was
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significantly higher than that in the CSO group (P <
0.05). There was no significant difference in the level of
HSP mRNA expression among the other groups (P >
0.05). After acute cold stress, the levels of HSP40,
HSP90, and HSP110 mRNA expression were signifi-
cantly higher in the CS6 group than in the CS0 and CS3
groups (P < 0.05). The HSP60 and HSP70 mRNA
expression levels showed a decreasing and increasing
trend, respectively, with prolonged intermittent cold
stimulation time, and the differences among the groups
were significant (P < 0.05). The HSP mRNA expression
levels were not significantly different between the
remaining groups (P > 0.05). Compared with 50 d,
HSP27 and HSP60 mRNA expression levels after acute
cold stress were significantly elevated in the CSO group
(P < 0.05). The expression level of HSP40 mRNA was
significantly reduced in the CSO group but significantly
elevated in the CS6 group (P < 0.05). The HSP70 and
HSP110 mRNA expression levels were significantly

decreased after acute cold stress in all groups (P < 0.05).
The HSP90 mRNA expression level was significantly
decreased in the CS0O and CS6 groups after acute cold
stress (P < 0.05). The differences in HSP mRNA expres-
sion levels between the remaining groups before and
after acute cold stress were not significant (P> 0.05).

Effects of Acute Cold Stress on Expression
Levels of HSP Proteins

The effect of acute cold stress on the protein expres-
sion of HSPs in the duodenum and jejunum of broilers is
shown in Figures 12 and 13.

In the duodenum, the HSP40 protein expression level
at 50 d was significantly higher in the CS6 group than in
the CSO group and the CS3 group (P < 0.05). HSP60
showed a trend of first increasing and then decreasing
with increasing cold stimulation time in each group,
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while HSP70 showed an upward trend, and the differen-
ces among the groups were significant (P < 0.05). After
acute cold stress, the HSP40 protein level was signifi-
cantly lower in the CS3 group than in the CS0O group (P
< 0.05). The expression level of HSP60 protein showed a
trend of first increasing and then decreasing with pro-
longed cold stimulation time, and the expression level in
the CSO group was higher than that in the CS6 group,
and the differences among the groups were significant (P
< 0.05). The HSP70 protein expression level showed a
downward trend with prolonged cold stimulation time,
and the differences among groups were significant (P <
0.05). Compared with 50 d, HSP40 protein expression
levels were significantly reduced in all groups after acute
cold stress (P < 0.05). The level of HSP60 protein
expression was significantly elevated in the CSO and
CS3 groups (P < 0.05) and significantly decreased in the
CS6 group (P < 0.05). HSP70 protein expression levels
were significantly elevated in the CS0 group (P < 0.05)

and significantly decreased in the CS3 and CS6 groups
(P<0.05).

In the jejunum, the expression level of HSP40 pro-
tein at 50 d was significantly higher in the CSO group
than in the CS3 group (P < 0.05) but significantly
lower than that in the CS6 group (P < 0.05). The
level of HSP60 protein expression was significantly
higher in the CS3 group than in the CS0 group and
the CS6 group (P < 0.05). The HSPT70 protein
expression level was significantly lower in the CS3
group than in the CSO group and the CS6 group (P
< 0.05). After acute cold stress, HSP40, HSP60, and
HSP70 expression levels all showed a tendency to first
rise and then fall with prolonged cold stimulation
time, and there were significant differences among
the groups (P < 0.05). Compared with 50 d, the
HSP40 and HSP70 protein expression levels in the
CS3 group were significantly higher after acute cold
stress (P < 0.05), while the HSP60 protein expression
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Figure 11. Effect of acute cold stress on heat shock protein (HSPs) mRNA expression in jejunum of broilers. Data were presented as mean +
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level was significantly reduced (P < 0.05). The
expression levels of HSP40 and HSP60 proteins were
significantly decreased in the CSO and CS6 groups (P
< 0.05). The HSP70 protein expression level was sig-
nificantly elevated in the CS6 group (P < 0.05).

DISCUSSION

Low temperature is an important factor affecting the
development of animal husbandry, and sudden changes
in ambient temperature can bring huge economic losses.
It is generally believed that adverse environments, such
as cold, have a negative impact on immune function
(Olfati et al., 2018; Shah et al., 2020a,b), leading to
immune imbalance and causing inflammation or inflam-
matory diseases (Zhao et al., 2013a; Hu et al., 2021).
However, previous studies have demonstrated that
appropriate cold stimulation training in the early

growth stage of animals can help them adapt to cold
environments and improve their immune function and
anti-stress ability (Su et al., 2019; Liu et al., 2020). In
previous research by our team, intermittent cold stimu-
lation training during early development increased the
immune capacity and cold tolerance of the bursa, spleen,
and thymus of broilers (Wei et al., 2018; Su et al., 2019;
Liu et al., 2020; Xue et al., 2021). This study revealed
that early intermittent cold stimulation training (cold
stimulation for 3 h at 3°C lower than the standard feed-
ing temperature) regulates the immune function of the
duodenum and jejunum of broilers by regulating the
expression of cytokines and TLRs and instills good
maintenance ability during the recovery period and after
acute cold stress. Changes in HSP levels after acute cold
stress confirm that intermittent cold stimulation
improves the cold tolerance of broilers.

Cytokines play an important role in the inflammatory
response and immune cell differentiation (Raquel et al.,
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2018). ThO cells can differentiate into Th1 and Th2 cells
when they are stimulated by antigen. IFN y and IL2
secreted by Thl cells mediate cellular immunity, while
IL4 and IL10 secreted by Th2 cells mediate humoral
immunity. An imbalance in Thl/Th2 cells is closely
related to inflammation (Shieh et al., 2015). IL2, ILS,
IL17, and IFN y are important pro-inflammatory
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factors, IL4 is an anti-inflammatory factor, and IL6 has
been reported to have pro-inflammatory and anti-
inflammatory effects (You et al., 2011). Studies have
found that cold stimulation can increase the expression
of pro-inflammatory factor genes (Webel et al., 1997).
This is similar to the results of our study; the IL2, ILS8,
IL17, and IFN y mRNA expression levels in the
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Figure 13. Effect of acute cold stress on heat shock protein (HSPs) protein expression in jejunum of broilers. Data were presented as mean =+
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duodenum were significantly higher in the CS6 group
than in the CSO group at 36 d. Thiel et al. (2017) pointed
out that IFN y release in rats increased during the first 1
to 2 d in a microgravity environment and decreased on
the 12th d when the body adapted to the new environ-
ment. Similarly, in our study, except for IL17, the
mRNA expression levels of other cytokines in the CS3
group were not significantly different from those in the
CSO0 group. This finding suggests that 6 h of cold stimu-
lation induced an inflammatory response in broilers,
while 3 h of cold stimulation induced cold adaptation at
36 d. This was further confirmed 2 wk after recovery
from cold stimulation. At 50 d, the expression levels of
some cytokines were significantly higher in the CS6
group than in the CSO and CS3 groups. Hangalapura
reported that cold stimulation can enhance Thl-medi-
ated cellular immunity in chickens, thereby increasing
the expression levels of IL2 and IFN y (Hangalapura
et al., 2003). This is consistent with our results showing
that the mRNA expression levels of IL2 and IFN y in
the jejunum were significantly higher in the CS6 group
than in the CSO and CS3 groups at 36 d. Two weeks
after recovery at the end of cold stimulation (50 d), no
significant difference was observed between the CS3
group and CSO group in any of the cytokine levels, while
the mRNA expression level of IL2 was significantly lower
in the CS6 group than in the CSO group, and the mRNA
expression level of IL8 was significantly higher than that
in the CSO group. This finding indicates that cold stimu-
lation for 6 h can cause intestinal inflammation in
broilers at 50 d. Su et al. (2018) showed that cold stimu-
lation at 3°C below normal temperature effectively alle-
viated the increase in pro-inflammatory cytokines
caused by subsequent cold stress in the broiler ileum,
which was similar to our findings. After 6 h of acute cold
stress, the duodenum of broilers in the CSO and CS6
groups was affected by cold stress, and the mRNA
expression levels of IL6 and IL8 were significantly
decreased, while levels in the CS3 group remained stable.
After acute cold stress, the mRNA expression levels of
some cytokines in the jejunum were significantly higher
in the CS3 group than in the CSO and CS6 groups, which
was different from the inflammation level in the duode-
num, possibly because the jejunum is more sensitive to
cold and can produce a stronger immune response dur-
ing cold stress. Therefore, after cold training at 3°C for 3
h in the early stage, broilers can resist the short-term
negative effects of cold stress on the body and adapt to
the cold environment during acute cold stress.

The intestinal tract is constantly challenged by micro-
bial pathogens. The recognition and binding of patho-
gen-related molecular pattern proteins by TLRs triggers
a series of signaling cascades that activate related cyto-
kines and play an important role in the innate immune
response (Kawai et al., 2010; St Paul et al., 2013; Abdel-
Mageed et al., 2014). Al-Zghoul et al. (2019) found that
TLR4 mRNA expression was upregulated in the spleen
and liver of broilers under acute heat stress (40°C for 7
h). Short-term acute heat stress at 38°C for 10 h signifi-
cantly upregulated the expression of TLR4 mRNA in

the spleen of broilers (Huang, 2017). Our study found
that the TLR2, TLR7, and TLR21 mRNA expression
levels in the duodenum were significantly higher in the
CS6 group than in the CSO group after intermittent cold
stimulation. Liu et al. (2020) showed that after 21 d of
IMCS, the expression level of most TLRs was lower in
the cold stimulation group than in the control group.
Previous studies by Quinteiro-Filho et al. (2017) showed
that chronic thermal stimulation (10 h/d for 6 d) prior
to sampling reduced TLR2 expression in the spleen of
broilers. This is consistent with our findings that all
TLR expression levels in the jejunum of broilers were
significantly lower in the CS3 group than in the CS0 and
CS6 groups after intermittent cold stimulation treat-
ment. This suggests that the broilers may have adapted
to this low-temperature environment; thus, the TLR
expression level was low. A study by Zhou et al. (2014)
showed that acute cold stress at -20°C caused neonatal
mice to form necrotizing enteritis, which significantly
increased the mRNA expression levels of TLR2 and
TLRA4. In our study, after 6 h of acute cold stress, the
mRNA expression level of most TLRs in the duodenum
in the CS3 group and CS6 group was not significantly
different from that at 50 d, while that in the CSO group
decreased significantly. In the jejunum, most TLR
mRNA expression levels in the CS3 group were not sig-
nificantly different before and after acute cold stress,
while those in the CS0O group and CS6 group decreased
significantly after acute cold stress. This indicates that
the body autoimmune regulation ability of broilers is
stronger after the early 3 h of cold stimulation, and the
ability to resist stress is also enhanced.

Heat shock proteins are a series of highly conserved
molecular chaperones involved in the regulation of
innate and adaptive immune responses (Srivastava
et al., 2002). As typical markers of injury, HSPs can pro-
tect cells from various types of stress through their pro-
liferation and differentiation (Zhao et al., 2016). Injury
to various tissues and organs is often accompanied by
high expression of HSPs (Khoso et al., 2015; Liu et al.,
2015). Zhao et al. (2014) showed that chronic cold stress
at 12°C led to oxidative stress in the thymus and spleen
of broilers and significantly increased the expression lev-
els of HSP27, HSP40, HSP60, HSP70, and HSP90 in
immune organs. In the present study, at 50 d, the
expression levels of most HSP mRNAs were significantly
higher in the CS6 group than in the CSO group and CS3
group in the duodenum and jejunum. These results indi-
cate that the CS6 group still showed significantly higher
levels of inflammation and intestinal damage than the
CS0 and CS3 groups after 2 wk of recovery. Wei et al.
(2018) demonstrated that 24 h of acute cold stress after
34 d of chronic cold stimulation (3°C lower than control)
significantly upregulated HSP40 expression in the heart
of broilers. In the present study, after 6 h of acute cold
stress, HSP levels in the duodenum changed significantly
in all groups. In the jejunum, the mRNA expression lev-
els of almost all HSPs were significantly changed in the
CS0 and CS6 groups compared with those before acute
cold stress, while levels in the CS3 group were relatively
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stable. This further verifies that the expression of HSPs
caused by stress in animal tissues is highly tissue specific,
as suggested by Hoekstra et al. (1998), and indicates
that broilers have stronger cold resistance after long-
term cold training at a lower temperature of 3°C for 3 h.
At the protein level, the HSP60 expression level in the
duodenum and HSP40, HSP60, and HSP70 expression
levels in the jejunum were significantly higher in the
CS3 group than in the CSO and CS6 groups after acute
cold stress. This is consistent with the results of Zeng
et al. (2014), who showed that the gene expression level
of HSP40 in the liver of ducks with different qualities
was significantly upregulated after heat stress at 39°C/1
h to alleviate the damage caused by stress. This further
confirms that cold training at a 3°C lower temperature
induced strong cold resistance in broilers.

CONCLUSION

Early IMCS can regulate the function of immune
organs by inducing the expression of cytokines, TLRs,
and HSPs, thus enhancing immune ability. In this study,
cold stimulation training at a temperature 3°C lower
than the conventional feeding temperature enhanced
the immune function of broilers and improved their
adaptability to cold environments. Moreover, the 3 h
intermittent cold stimulation program made broilers
more resistant to cold stress. The results of this experi-
ment not only provide a scientific basis for establishing
cold adaptation technology in production but also pro-
vide a theoretical basis for regulation of the immune
function of broilers in cold environments. In future
research, we will explore the molecular mechanism of
cold adaptation at the cellular level.

ACKNOWLEDGMENTS

This work was supported by the National Natural Sci-
ence Foundation of China (grant no. 32172785). The
authors thank the Animal Behavior and Welfare Labo-
ratory for its technical and human support in Northeast
Agricultural University.

DISCLOSURES

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

REFERENCES

Abdel-Mageed, A. M., N. Isobe, and Y. Yoshimura. 2014. Effects of
different TLR ligands on the expression of proinflammatory cyto-
kines and avian S-defensins in the uterine and vaginal tissues of
laying hens. Vet. Immunol. Immunop. 162:132-141.

Al-Zghoul, M. B., K. M. Saleh, and M. M. K. Ababneh. 2019. Effects
of pre-hatch thermal manipulation and post-hatch acute heat
stress on the mRNA expression of interleukin-6 and genes involved
in its induction pathways in 2 broiler chicken breeds. Poult. Sci.
98:1805-1819.

Banerjee, S. K., H. Aviles, M. T. Fox, and F. P. Monroy. 1999. Cold
stress-induced modulation of cell immunity during acute Toxo-
plasma gondii infection in mice. J. Parasitol. 85:442-447.

Basu, M., M. Paichha, B. Swain, S. S. Lenka, S. Singh,
R. Chakrabarti, and M. Samanta. 2015. Modulation of TLR2,
TLR4, TLR5, NOD1 and NOD2 receptor gene expressions and
their downstream signaling molecules following thermal stress in
the Indian major carp catla (Catla catla). 3 Biotech 5:1021-1030.

Bernabo, P., L. Rebecchi, O. Jousson, J. L. Martinez-Guitarte, and
V. Lencioni. 2011. Thermotolerance and hsp70 heat shock response
in the cold-stenothermal chironomid Pseudodiamesa branickii (NE
Ttaly). Cell Stress Chaperon. 16:403-410.

Chen, X. Y., J. J. Niu, R. S. Jiang, and Z. Y. Geng. 2014. Expression
profile of heat shock protein 70 in indigenous Huainan partridge
chicken exposed to low temperature. Ital. J. Anim. Sci. 13:2.

Dantzer, R., and P. Mormede. 1983. Stress in farm animals: a need for
reevaluation. J. Anim. Sci. 57:6-18.

Fu, Y. J., S. J. Zhang, N. Zhao, L. Xing, T. T. Li, X. T. Liu, J. Bao,
and J. H. Li. 2022. Effect of mild intermittent cold stimulation on
thymus immune function in broilers. Poult. Sci. 101:102073.

Hangalapura, B. N., M. G. Kaiser, J. J. Poel, H. K. Parmentier, and
S. J. Lamont. 2006. Cold stress equally enhances in vivo pro-inflam-
matory cytokine gene expression in chicken lines divergently selected
for antibody responses. Dev. Comp. Immunol. 30:503-511.

Hangalapura, B., M. Nieuwland, and G. de Vries Reilingh. 2003.
Effects of cold stress on immune responses and body weight of
chicken lines divergently selected for antibody responses to sheep
red blood cells. Poult. Sci. 82:1692-1700.

Hoekstra, K. A., G. K. Iwama, C. R. Nichols, D. V. Godin, and
K. M. Cheng. 1998. Increased heat shock protein expression after
stress in Japanese quail. Stress 2:265-272.

Hu, J. Y., and H. W. Cheng. 2021. Warm perches: a novel approach
for reducing cold stress effect on production, plasma hormones,
and immunity in laying hens. Poult. Sci. 100:101294.

Huang, S. 2017. Upregulation of TLR4 mRNA expression levels in broiler
chickens under acute heat stress. Braz. J. Poult. Sci. 19:87-93.

Huang, X. R., C. D. Wang, and R. X. Wang. 2016. Changes of colonic
permeability and its correlation with TNF-o, NF-«B p65 in ulcera-
tion colitis mice. Chin J Physiol 32:112-115.

Jansky, L., D. Pospisilova, S. Honzovd, B. Ulicny, P. Sramek,
V. Zeman, and J. Kaminkova. 1996. Immune system of cold-
exposed and cold-adapted humans. Eur. J. Appl. Physiol. Occup.
Physiol. 72:445-450.

Kawai, T., and S. Akira. 2010. The role of pattern-recognition recep-
tors in innate immunity: update on Toll-like receptors. Nat. Immu-
nol. 11:373-384.

Khoso, P. A., Z. Yang, C. Liu, and S. Li. 2015. Selenium deficiency
downregulates selenoproteins and suppresses immune function in
chicken thymus. Biol. Trace Elem. Res. 167:48-55.

Ledbetter, D. J., and S. E. Juul. 2000. Necrotizing enterocolitis and
hematopoietic cytokines. Clin. Perinatol. 27:697-716.

Li, S., J. H. Li, Y. H. Liu, C. Li, R. X. Zhang, and J. Bao. 2020. Effects
of intermittent mild cold stimulation on mRNA expression of
immunoglobulins, cytokines, and toll-like receptors in the small
intestine of broilers. Animals (Basel) 10:1492.

Liu, C. P., J. Fu, F. P. Xu, X. S. Wang, and S. Li. 2015. The role of
heat shock proteins in oxidative stress damage induced by Se defi-
ciency in chicken livers. Biometals 28:163-173.

Liu, Y. H., G. Xue, S. Li, Y. J. Fu, J. Y. Yin, R. X. Zhang, and
J. H. Li. 2020. Effect of intermittent and mild cold stimulation on
the immune function of bursa in broilers. Animals (Basel) 10:1275.

Manning, R. O., and R. D. Wyatt. 1990. Effect of cold acclimation on
the broiler chicks’ resistance to acute aflatoxicosis. Poult. Sci.
69:915.

Medzhitov, R., P. Preston-Hurlburt, and C. A. Janeway Jr. 1997. A
human homologue of the Drosophila Toll protein signals activation
of adaptive immunity. Nature 388:394-397.

Mohanarao, G. J., A. Mukherjee, D. Banerjee, M. Gohain, G. Dass,
B. Brahma, T. K. Datta, R. C. Upadhyay, and S. De. 2014. HSP70
family genes and HSP27 expression in response to heat and cold
stress in vitro in peripheral blood mononuclear cells of goat (Capra
hircus). Small Ruminant. Res. 116:94-99.

Morrow, G., L. E. Hightower, and R. M. Tanguay. 2015. Small heat
shock proteins: big folding machines. Cell Stress Chaperon.
20:207-212.



http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0001
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0001
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0001
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0001
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0001
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0002
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0002
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0002
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0002
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0002
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0003
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0003
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0003
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0004
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0004
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0004
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0004
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0004
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0005
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0005
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0005
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0005
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0005
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0006
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0006
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0006
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0007
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0007
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0007
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0008
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0008
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0008
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0009
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0009
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0009
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0009
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0010
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0010
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0010
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0010
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0011
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0011
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0011
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0012
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0012
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0012
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0013
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0013
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0014
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0014
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0014
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0014
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0014
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0015
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0015
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0015
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0015
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0015
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0015
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0015
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0015
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0015
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0015
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0016
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0016
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0016
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0017
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0018
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0018
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0019
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0019
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0019
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0019
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0020
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0020
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0020
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0021
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0021
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0021
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0022
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0022
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0022
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0023
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0023
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0023
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0024
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0024
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0024
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0024
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0024
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0025
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0025
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0025

18 ZHANG ET AL.

Olfati, A., A. Mojtahedin, T. Sadeghi, M. Akbari, and
P. F. Martinez. 2018. Comparison of growth performance and
immune responses of broiler chicks reared under heat stress, cold
stress and thermoneutral conditions. Span. J. Agric. Res. 16:¢0505.

Paul, A., M. Dangi, J. G. Singh, and M. Sarkar. 2015. Expression of
TLR genes in Black Bengal goat (Capra hircus) during different
seasons. Small Ruminant. Res. 124:17-23.

Quinteiro-Filho, W. M., A. S. Calefi, D. S. G. Cruz, T. P. A. Aloia,
A. Zager, C. S. Astolfi-Ferreira, F. J. A. Piantino, S. Sharif, and
J. Palermo-Neto. 2017. Heat stress decreases expression of the
cytokines, avian B-defensins 4 and 6 and Toll-like receptor 2 in
broiler chickens infected with Salmonella enteritidis. Vet. Immu-
nol. Immunop. 186:19-28.

Raquel, T. F., and Z. V. Virginia. 2018. Lamin A/C augments Thl
differentiation and response against vaccinia virus and Leishmania
major. Cell Death. Dis. 9:9.

Shah, S. W. A, J. Chen, Q. Han, Y. Xu, M. Ishfaq, and
X. H. Teng. 2020b. Ammonia inhalation impaired immune func-
tion and mitochondrial integrity in the broilers bursa of fabricius:
Implication of oxidative stress and apoptosis. Ecotoxicol. Environ.
Saf. 190:110078.

Shah, S. W. A., D. Chen, J. Y. Zhang, Y. L. Liu, M. Ishfaq, and
X. H. Teng. 2020a. The effect of ammonia exposure on energy
metabolism and mitochondrial dynamic proteins in chicken thy-
mus: through oxidative stress, apoptosis, and autophagy. Ecotoxi-
col. Environ. Saf. 206:111413.

Shi, N.; N. Li, X. Duan, and H. Niu. 2017. Interaction between the gut
microbiome and mucosal immune system. Mil. Med. Res. 4:14.

Shieh, Y. H., H. M. Huang, C. C. Wang, C. C. Lee, C. K. Fan, and
Y. L. Lee. 2015. Zerumbone enhances the Th1 response and ameli-
orates ovalbumin-induced Th2 responses and airway inflammation
in mice. Int. Immunopharmacol. 24:383-391.

Shinder, D., M. Rusal, J. Tanny, S. Druyan, and S. Yahav. 2007.
Thermoregulatory responses of chicks (Gallus domesticus) to low
ambient temperatures at an early age. Poult. Sci. 86:2200-2209.

Song, X., S. Wang, Y. Hu, M. Yue, T. Zhang, Y. Liu, J. Tian, and
K. Shang. 2017. Impact of ambient temperature on morbidity and
mortality: an overview of reviews. Sci. Total Environ. 586:241—
254.

Srivastava, P. 2002. Roles of heat-shock proteins in innate and adap-
tive immunity. Nat. Rev. Immunol. 2:185-194.

St Paul, M., J. T. Brisbin, M. F. Abdul-Careem, and S. Sharif. 2013.
Immunostimulatory properties of Toll-like receptor ligands in
chickens. Vet. Immunol. Immunop. 152:191-199.

Su, Y. Y., H.D. Wei, Y. J. Bi, Y. Wang, P. Zhao, R. X. Zhang, X. Li,
J. H. Li, and J. Bao. 2019. Pre-cold acclimation improves the
immune function of trachea and resistance to cold stress in broilers.
J. Cell. Physiol. 234:7198-7212.

Su, Y. Y., X. Zhang, H. D. Xin, S. Li, J. F. Li, R. X. Zhang, X. Li,
J. H. Li, and J. Bao. 2018. Effects of prior cold stimulation on
inflammatory and immune regulation in ileum of cold-stressed
broilers. Poult. Sci. 97:4228-4237.

Takeda, K., and S. Akira. 2005. Toll-like receptors in innate immu-
nity. Int. Immunol. 17:1-14.

Thiel, C. S., B. A. Lauber, and J. Polzer. 2017. Time course of cellular
and molecular regulation in the immune system in altered gravity:
progressive damage or adaptation? REACH 5:22-32.

Tsiouris, V., I. Georgopoulou, C. Batzios, N. Pappaioannou, R. Ducatelle,
and P. Fortomaris. 2015. The effect of cold stress on the pathogenesis
of necrotic enteritis in broiler chicks. Avian Pathol. 44:430-435.

Verbrugghe, E., F. Boyen, and W. Gaastra. 2012. The complex inter-
play between stress and bacterial infections in animals. Vet. Micro-
biol. 155:115-127.

Webel, D. M., B. N Finck, D. H. Baker, and R. W. Johnson. 1997.
Time course of increased plasma cytokines, cortisol, and urea nitro-
gen in pigs following intraperitoneal injection of lipopolysaccha~
ride. J. Anim. Sci. 75:1514-1520.

Wei, H. D., R. X. Zhang, Y. Y. Su, Y. J. Bi, X. Li, X. Zhang,
J. H. Li, and J. Bao. 2018. Effects of acute cold stress after
long-term cold stimulation on antioxidant status, heat shock
proteins, inflammation and immune cytokines in broiler heart.
Front. Physiol. 9:1589.

Wen, C. L., W. Yan, C. N. Mai, Z. Y. Duan, J. X. Zheng, C. J. Sun,
and N. Yang. 2021. Joint contributions of the gut microbiota and
host genetics to feed efficiency in chickens. Microbiome 9:126.

Xu, B, S. C. Zang, S. Z. Li, J. R. Guo, J. F. Wang, D. Wang,
L. P. Zhang, H. M. Yang, and S. Lian. 2019. HMGB1-mediated dif-
ferential response on hippocampal neurotransmitter disorder and
neuroinflammation in adolescent male and female mice following
cold exposure. Brain Behav. Immun. 76:223-235.

Xu, Y., Z. Yang, and C. Su. 1992. Enhancement of cellular immune
function during cold adaptation of BALB/c inbred mice. Cryobiol-
ogy 29:422-427.

Xue, G., J. W. Yin, N. Zhao, Y. H. Liu, Y. J. Fu, R. X. Zhang, J. Bao,
and J. H. Li. 2021. Intermittent mild cold stimulation improves
the immunity and cold resistance of spleens in broilers. Poult. Sci.
100:101492.

You, Z. L., C. M. Luo, W. Z. Zhang, Y. B. Chen, J. J. He, Q. Y. Zhao,
R. Zuo, and Y. H. Wu. 2011. Pro- and anti-inflammatory cytokines
expression in rat’s brain and spleen exposed to chronic mild stress:
involvement in depression. Behav. Brain Res. 225:135-141.

Zeng, T., J. J. Li, D. Q. Wang, G. Q. Li, G. L. Wang, and
L. Z. Lu. 2014. Effects of heat stress on antioxidant defense system,
inflammatory injury, and heat shock proteins of Muscovy and
Pekin ducks: evidence for differential thermal sensitivities. Cell
Stress Chaperon. 19:895-901.

Zeuthen, L. H., L. N. Fink, and H. Frokiaer. 2008. Epithelial cells
prime the immune response to an array of gut-derived commensals
towards a tolerogenic phenotype through distinct actions of thy-
mic stromal lymphopoietin and transforming growth factor-p.
Immunology 123:197-208.

Zhao, J. X., H. J. Xing, C. P. Liu, Z. W. Zhang, and
S. W. Xu. 2016. Effect of selenium deficiency on nitric oxide
and heat shock proteins in chicken erythrocytes. Biol. Trace
Elem. Res. 171:208-213.

Zhao, F. Q., Z. W. Zhang, J. P. Qu, H. D. Yao, M. Li, S. Li, and
S. W. Xu. 2014. Cold stress induces antioxidants and HSPs in
chicken immune organs. Cell Stress Chaperon. 19:635-648.

Zhao, F. Q., Z. W. Zhang, C. Wang, B. Zhang, H. D. Yao, S. Li, and
S. W. Xu. 2013a. The role of heat shock proteins in inflammatory
injury induced by cold stress in chicken hearts. Cell Stress Chap-
eron. 18:773-783.

Zhao, F. Q., Z. W. Zhang, H. D. Yao, L. L. Wang, T. Liu, X. Y. Yu,
S. Li, and S. W. Xu. 2013b. Effects of cold stress on mRNA expres-
sion of immunoglobulin and cytokine in the small intestine of
broilers. Res. Vet. Sci. 95:146-155.

Zhou, W.; W. Li, X. H. Zheng, X. Rong, and L. G. Huang. 2014. Glu-
tamine downregulates TLR-2 and TLR-4 expression and protects
intestinal tract in preterm neonatal rats with necrotizing enteroco-
litis. J. Pediatr. Surg. 49:1057-1063.


http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0026
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0026
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0026
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0026
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0027
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0027
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0027
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0028
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0028
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0028
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0028
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0028
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0028
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0028
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0029
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0029
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0029
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0030
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0030
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0030
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0030
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0030
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0031
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0031
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0031
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0031
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0031
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0032
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0032
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0033
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0033
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0033
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0033
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0034
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0034
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0034
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0035
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0035
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0035
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0035
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0036
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0036
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0037
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0037
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0037
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0038
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0038
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0038
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0038
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0039
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0039
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0039
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0039
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0040
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0040
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0041
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0041
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0041
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0042
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0042
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0042
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0043
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0043
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0043
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0044
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0044
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0044
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0044
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0045
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0045
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0045
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0045
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0045
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0046
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0046
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0046
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0047
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0047
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0047
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0047
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0047
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0048
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0048
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0048
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0049
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0049
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0049
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0049
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0050
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0050
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0050
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0050
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0051
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0051
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0051
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0051
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0051
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0052
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0052
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0052
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0052
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0052
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0052
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0053
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0053
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0053
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0053
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0054
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0054
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0054
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0055
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0055
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0055
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0055
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0056
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0056
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0056
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0056
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0057
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0057
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0057
http://refhub.elsevier.com/S0032-5791(22)00701-5/sbref0057

	Effect of intermittent mild cold stimulation on intestinal immune function and the anti-stress ability of broilers
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and Study Design
	Sample Collection
	RNA Extraction and Gene Expression Analysis
	Western Blot Analysis
	Statistical Analysis

	RESULTS
	Effect of Intermittent Cold Stimulation on the mRNA Expression Levels of Cytokines
	Effect of Intermittent Cold Stimulation on TLR mRNA Expression Levels
	Effects of Acute Cold Stress on the mRNA Expression Levels of Cytokines
	Effects of Acute Cold Stress on TLR mRNA Expression Levels
	Effects of Acute Cold Stress on Expression Levels of HSP mRNA
	Effects of Acute Cold Stress on Expression Levels of HSP Proteins

	DISCUSSION
	CONCLUSION
	Acknowledgments
	Disclosures
	REFERENCES


