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Effects of acute heat stress at different ambient temperature on
hepatic redox status in broilers
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ABSTRACT This study aimed to investigate the ef-
fects of different acute high ambient temperatures on
redox status in liver of broilers. A total of 144 35-day-old
ArborAcres broilers were randomly divided into 4 groups
with 6 replicates of 6 birds each and subsequently
distributed in different environment chambers for acute
heat stress. The temperature of 4 environment chambers
were set to 26�C (control), 29�C, 32�C, 35�C for 6 h,
respectively. Various indicators were tested to evaluate
hepatic redox status. Then, the hallmarks of hepatocel-
lular antioxidant and apoptosis were measured by qRT-
PCR and Western Blot. The results showed that with
the ambient temperature increase (i) the content of
hydrogen peroxide (H2O2) and protein carbonyl (PC) in
the liver of broilers increased significantly (P, 0.05), but
the content of malondialdehyde (MDA) and 8-
hydroxyguanosine (8-OHdG) was not affected; (ii) the
activity of catalase (CAT) and glutathione reductase
(GR) increased significantly (P , 0.05). Similarly, the
superoxide dismutase (SOD) had an increasing tendency
(P 5 0.07), and the content of the reduced glutathione
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(GSH) was also significantly increased (P , 0.05) under
high temperature; (iii) the heat shock protein (HSP70),
nuclear factor erythroid-2-related factor 2 (Nrf2), and
other antioxidant gene (HO-1, NQO1, GCLc, GST,
SOD1, SOD2, CAT, Prx3) were upregulated in broilers
liver. Moreover, the protein level of HSP70, Nrf2, and
Prx3 were also upregulated; (iv) high temperature
upregulated the antiapoptotic gene expression (BCL-2);
however, the proapoptotic genes (BAK1, caspase-3, and
caspase-9) did not change significantly; meanwhile, there
was no significant changes in the protein level of caspase-
3 and caspase-9. The results of this study indicated that
35-day-old Arbor Acres broilers have a certain tolerance
to oxidative stress induced by high ambient temperature.
Six hours of acute heat stress–activated Nrf2 signaling
pathway. Meanwhile, the expression of related antioxi-
dant genes and proteins is upregulated, consequently
resulted in increased antioxidant enzymes activity and
GSH. These effects enable the body to scavenge large
amounts of reactive oxygen species produced by high
temperature and prevent the occurrence of apoptosis.
Key words: acute heat stress, redox
 status, antioxidant, apoptosis, broiler
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INTRODUCTION

High ambient temperature as a stressor of poultry has
been investigated extensively for many years. On ac-
count of lacking sweat gland, abundant feathers and
fast metabolic rates, broilers are very susceptible to
heat stress (Sahin et al., 2009; Xie et al., 2015). The
heat stress adversely affects the physiological function
of broilers, causing disturbance of metabolic, depression
of immunity, and impairment in endocrine (Sahin et al.,
2012; Lara and Rostagno, 2013). In addition, heat stress
results in the generation of reactive oxygen species
(ROS) and imbalance of the redox status (Yang et al.,
2010; Zhang et al., 2015). Recently, the involvement of
heat stress as an inducer of oxidative stress has been
acknowledged (Akbarian et al., 2016). When the ROS
is excessive, liver is a major organ attacked (Sha et al.,
2015). Owing to its special chemical characteristics,
ROS can initiate biomacromolecules peroxidation,
resulting in protein modification, lipid peroxidation,
and nucleic acid damage (Galicia-Moreno and
Guti�errez-Reyes, 2014). Oxidative stress results in mito-
chondrial permeability transition, the destruction of
mitochondrial membrane structure, and the releasing
of apoptotic effectors, which further leads to apoptosis.
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However, these ROS are not necessarily a threat to the
body under physiological conditions (Mittler, 2002).
Cells have developed a sophisticated antioxidant defense
system that enable to counteract ROS to a certain de-
gree (Jaeschke et al., 2012), especially when the broilers
suffer from acute high ambient temperatures within a
short time (Altan et al., 2003; Yang et al., 2010). The
general antioxidant system contains enzymatic antioxi-
dants and small molecules. Furthermore, nuclear factor
erythroid-2-related factor 2 (Nrf2) is a key transcription
factor that regulates the cellular antioxidant system
response against ROS. Under normal conditions,
Kelch-like ECH associated protein-1 subjects Nrf2 to
rapid ubiquitination and degradation and thus sup-
presses the transcriptional activity of Nrf2 under un-
stressed conditions. Signals from ROS, which
dissociates Nrf2 form Kelch-like ECH associated
protein-1 and Nrf2, are thus activated. The activated
Nrf2 transfers into the nucleus and interacts with antiox-
idant response element, promoting antioxidant enzymes
and the expression of antioxidant genes and proteins
(Zhang et al., 2013). Moreover, the enhanced antioxi-
dant signaling regulated protects mitochondria from
oxidative damages and maintains the mitochondrial
redox state (Sies et al., 2017), which prevents more
serious damage to the body.

Previous studies have confirmed that various feed sup-
plements, such as curcumin, lycopene, and some microel-
ement can alleviate oxidative damage caused by chronic
heat stress in broilers by modulating the expression of
Nrf2 (Sahin et al., 2016, 2017; Zhang et al., 2018). How-
ever, under the condition of acute heat stress, limited in-
formation is available about the antioxidant potential
and related regulatory mechanism of broilers. Therefore,
the objectives of this study were to investigate the effects
of 6 h acute heat exposure on hepatic redox status of Ar-
bor Acres broilers at 35 D old to evaluates the antioxi-
dant mechanism of Nrf2 signaling pathway in broilers
and to explore the situation of apoptosis under this spe-
cial physiological state.
MATERIALS AND METHODS

Ethics Statement

All animal experimental procedures were performed
according to Regulations for the Administration of Af-
fairs Concerning Experimental Animals of the State
Council of the People’s Republic of China and authorized
by Animal Welfare Committee of Institutes of Animal
Sciences, Chinese Academy of Agricultural Sciences
(IASCAAS).
Animals and Experimental Design

Broiler chicks (Arbor Acres) at 1 D of age were ob-
tained from Beijing Huadu Poultry Breeding Co., Ltd.
(Beijing, China) and reared in environment-controlled
chambers, following the procedures described in the Ar-
bor Acres Broilers Husbandry Manual. All diets
(Table 1) were formulated to meet the nutrient require-
ment for broilers suggested by National Research Coun-
cil (NRC, 1994). During the entire experimental period,
the broilers had free access to feed and water, and the
light regimen was 24 h. At 27 D of age, a total of 144
chickens with similar body weights (1,135 6 33.4 g)
were selected and randomly divided into 4 groups with
6 replicates of 6 birds each. Subsequently, broilers were
still reared in the environment-controlled chambers
and housed at 26�C (relative humidity, 60%) for 7 D.
After the adaptation period, at 35 D of age, the temper-
ature of the temperatures were adjusted to 26�C, 29�C,
32�C, 35�C (relative humidity, 60%) within 1 h and
maintained for 6 h, respectively. Six birds in each group
were randomly selected for sample collection after 6 h.

Sample Collection

The broilers were sacrificed by cervical dislocation and
exsanguinated to get liver tissues. The liver samples were
harvested and immediately frozen in liquid nitrogen and
stored at 280�C until subsequent analysis.

Redox Indicators Measurement

The collected hepatic samples were used to detect the
level of oxidative damage biomarkers and antioxidant
capacity. The content of hydrogen peroxide (H2O2),
malondialdehyde (MDA), protein carbonyl (PC),
reduced glutathione (GSH), and the activities of super-
oxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GSH-Px), and glutathione reductase (GR)
in liver were measured using the commercial kits (Beijing
Solarbio Science and Technology Co., Ltd., Beijing,
China). The hepatic 8-hydroxyguanosine (8-OHdG)
was determined by ELISA kit, according to the manu-
facturer’s instructions (MEIMIAN, Jiangsu Feiya Bio-
logical Technology Co. Ltd., Jiangsu, China).

Analysis of mRNA Levels by Real-Time
Quantitative PCR

The mRNA expression level of related antioxidant
genes on Nrf2 signaling pathway, and some genes
involved in apoptosis were detected by the real-time
quantitative PCR. Total RNA from hepatic tissues
was extracted using the Qiagen Kit (RNeasy Mini Kit,
cat. nos. 74,104, Qiagen., Beijing, China) according to
the manufacturer’s instructions. cDNA was transcribed
via reverse transcription kits (PrimeScript RT reagent
Kit with gDNA Eraser, RR047 A, Takara., Beijing,
China). The forward (F) and reverse (R) primers for
representative genes were given in Table 2, which were
obtained from the NCBI database and synthesized by
Shanghai Sangon Biotechnology Company (Shanghai,
China). Real-time RT-PCR reactions was carried out us-
ing the SYBR green method (TB Green Premix Ex
Taq,RR420 A, Takara) on the CFX96 Touch Real-
Time PCR Detection System (BIO-RAD, Hercules,
CA) according to the following steps: 30 s at 95�C, 40



Table 1. Composition and nutrient levels of the basal diet (as-fed basis).

Ingredients Amount (%) Calculated nutrient levels Amount (%)

Corn 56.51 ME (MJ/Kg)2 12.73
Soybean meal 35.52 CP 20.07
Soybean oil 4.50 Ca 0.90
Salt 0.30 Available phosphorus 0.40
Limestone 1.00 Lysine 1.00
Dicalcium phosphate 1.78 Methionine 0.42
DL-methionine 0.11 Methionine 1 cysteine 0.78
Premix1 0.28
Total 100.00

1Premix provided per kilogram of diet: retinyl acetate for vitamin A,10,000 IU; chole-
calciferol for vitamin D3, 3,400 IU; DL-a-tocopheryl acetate for vitamin E, 16 IU; vitamin
K3, 2.0 mg; vitamin B1, 2.0 mg; vitamin B2, 6.4 mg; vitamin B6, 2.0 mg; vitamin B12,
0.012 mg; pantothenic acid calcium, 10 mg; nicotinic acid, 26 mg; folic acid, 1 mg; choline
chloride, 500 mg; biotin, 0. 1 mg; Zn (ZnSO4$7H2O), 40 mg; Fe (FeSO4$7H2O), 80 mg; Cu
(CuSO4$5H2O), 8 mg, Mn (MnSO4$H2O), 80 mg; I (KI), 0.35 mg; Se (Na2SeO3), 0.15 mg.

2ME 5 metabolizable energy.
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cycles of denaturation at 95�C for 5 s, and annealing and
extension at 60�C for 30 s. The relative fold change was
performed using the 2-DDCt method with b-actin as an
internal control (Livak and Schmittgen, 2001).
Western Blot Analysis for Hsp70, Nrf2, Prx3,
and Caspase-3

For Western blot, total protein was extracted from
frozen hepatic tissues with cell lysis buffer for Western
(Beyotime Biotechnology, Jiangsu, China) which supple-
mented with phenylmethylsulfonyl fluoride and protease
and phosphatase inhibitor cocktail. Protein concentra-
tion was determined using the pierce BCA Protein Assay
Kit (Thermo Scientific 23,225, Beijing, China). The pro-
teins were separated by 10% SDS-PAGE gel electropho-
resis, then transferred to an polyvinylidene fluoride
membrane.Themembranewaswashed in tris buffered sa-
line containing tween and blocked in 5% nonfat milk for
2 h at room temperature. After that, the blots were incu-
bated overnight at 4�C with the primary antibodies: b-
actin (ab8227, Abcam, Cambridge, UK), HSP70
(ab69412, Abcam), Nrf2 (ab31163, Abcam), Prx3
(ab73349, Abcam), and Caspase-3 (ab90437, Abcam).
The membranes were then incubated with the corre-
sponding secondary antibody (ab6721, Abcam) for
40 min at room temperature. After further washed with
tris buffered saline containing tween, blotswere incubated
in commercial chemiluminescent reagents for protein
detection. The intensity of the bands on the blots was
measured by ImageJ software (National Institutes of
Health). The relative expression of targeted protein was
normalized in relation to b-actin as the internal protein.
Statistical Analysis

Statistical analyses were carried out using the SAS
version 9.4 software (SAS Institute, Cary, NC). All
data were subjected to using one-way ANOVA followed
by Duncan’s multiple comparison tests. The results are
expressed as the mean 6 SD of measurements on tissues
from 6 replicate broilers at each group setting P , 0.05
as a criterion of statistical significance.
RESULTS

Acute Heat Stress Disturbed the Redox
Balance in Liver

Acute heat stress had significant effect on the content
of H2O2 (Figure 1A) and PC (Figure 1B) in the liver of
broilers, both of which had the most significant changes
in the broilers liver under the group 32�C. However,
acute heat stress had no significant effect on the content
of MDA (Figure 1C) and 8-OHdG (Figure 1D) in
broilers liver. With the increasing of ambient tempera-
ture, the content of MDA in broilers liver of each group
did not change significantly. Although the content of
8-OHdG showed an increasing trend, the difference be-
tween the groups was also not significant neither.
Acute Heat Stress Caused Increased
Activity of Antioxidant Enzymes in the Liver

The activity of SOD, CAT, GSH-Px, and GR in the
liver of broilers was shown in the Figure 2. The results
showed that GSH-Px activity (Figure 2C) was not
affected by acute heat stress. There were significant dif-
ferences in the activities of CAT (Figure 2B) and GR
(Figure 2D) in broilers liver between the control and
the groups exposed to high ambient temperature.
Although it did not enhanced linearly with increasing
ambient temperature, the activity of these 2 enzymes
was significantly increased under high ambient tempera-
ture. In addition, GR was more sensitive to acute heat
stress, and when the temperature exceeded 29�C, the ac-
tivity of GR in broilers liver could increase significantly.
Meanwhile, although the activity of SOD did not change
significantly (Figure 2A), it also tended to gradually in-
crease with temperature increasing (P 5 0.07).
Nrf2 Signaling Pathway Alleviates Acute
Heat Stress Induced Oxidative Damage

The changes of the Nrf2 signaling pathway and other
antioxidant genes in broilers liver after acute heat stress
was shown in Figure 3. The hepatic Nrf2 mRNA



Table 2. Specific gene primers used for real-time quantitative PCR.

Gene Accession no. Primers sequences

HSP70 NM_001006685.1 F:GGGGCACTTTTGATGTGT
R:CCAGCAATGTCACGCTT

Nrf2 NM_205117.1 F:GGCCTTGTCCTTTGATGA
R:GGGTGGCTGAGTTTGATTA

HO-1 NM_205344.1 F:GGCAAGAAGCATCCAGAG
R:GTGAAGAAAGCCAACCCTT

NQO1 NM_001277619.1 F:GCTGGGAAGTCACCATCTC
R:GACAAAGCACTCGGGGTT

Prx1 NM_001277724.2 F:CTGTCACCTTGCCTGGAT
R:ATAGTGCCCAAACCACCTT

Prx3 XM_426543.5 F:GGATTTCACCTTTGTGTGC
R:TGGAACTCATTCGCTTTGT

CAT NM_001031215.2 F:TTACGGAGGTAGAACAGATGG
R:TGTCAGGATACGCAAAGAGA

SOD1 NM_205064.1 F:AGGGAGGAGTGGCAGAAG
R:GCAGTGTGGTCCGGTAAG

SOD2 NM_204211.1 F:GGGGAGCCTAAAGGAGAA
R:AAGTTTGCGAAGGAACCA

GCLC XM_419910.5 F:ATGATGGAGAAGCAGCAAA
R:GCCTGGAATGTTACCTGAA

GCLM NM_001007953.1 F:TGTGCTGCTGCTTAACCATTCCG
R:GCAACGCGCACATTGTTCTAGC

GST NM_001001777.1 F:CGTCCAACCAGCAGATAAA
R:TCCGTGGTCCTTCAAAAC

BCL-2 NM_205339.2 F:GAGTTCGGCGGCGTGATGTG
R:TTCAGGTACTCGGTCATCCAGGTG

BAK1 NM_001030920.1 F:CAGCAGCGAGGCAGCAGAAC
R:AACAGCACAGAGCGGACACAAC

Caspase3 NM_204725.1 F:AACACGCCAGGAAACTTG
R:TATTCTGCCACTCTGCGAT

Caspase9 XM_424580.6 F:AACTTGCCGACGTTCCA
R:GGCTCGTCCTCATTCCC

b-actin NM_205518.1 F:CTCTATCCTGGCCTCCCT
R:GGGTGTGGGTGTTGGTAA

Abbreviations: BAK1, BCL2 antagonist/killer 1; BCL-2, BCL2, apoptosis regulator; Caspase3, caspase 3; Caspase9, caspase 9; CAT, catalase; GCLc,
glutamate-cysteine ligase catalytic subunit; GCLm, glutamate-cysteine ligase modifier subunit; GST, glutathione S-transferase alpha 3; HO-1, heme
oxygenase 1; HSP70, heat shock 70 kDa protein 2; Nrf2, nuclear factor, erythroid 2 like 2; NQO1, NAD(P)H quinone dehydrogenase 1; Prx1, peroxiredoxin
1; Prx3, peroxiredoxin 3; SOD1, superoxide dismutase 1; SOD2, superoxide dismutase 2.
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expressions were significantly upregulated in the heat
exposure group, although it did not enhanced linearly
with increasing ambient temperature. The mRNA
expression of the downstream antioxidant genes regu-
lated by Nrf2 were elevated obviously. Compared with
the control group, the HO-1 level was upregulated
more than 3.3-fold in the 35�C group, SOD2 level was
upregulated more than 2.4-fold in the 32�C group, as
well the NQO1 was nearly 2-fold in the 35�C group. In
addition, the highest elevated level of CAT, SOD1, and
Prx3 were similar, which were approximately 1.7-fold.
In addition, the mRNA expression of molecular chap-
erone HSP70 were extremely significantly upregulated
in the heat exposure groups (P , 0.01).

The results of Western Blot were shown in Figure 4A.
Correspond with the results of RT-PCR, in comparison
with the control group, the hepatic protein expression
of HSP70 (Figure 4B) was extremely significantly upre-
gulated by 1.18-, 2.72-, 1.73-fold in broilers exposed to
acute heat stress (P , 0.01), respectively. Nrf2
(Figure 4C) protein level in the 29�C group was similar
to the control group, but in the 32�C group and 35�C
group was upregulated more than 1.8-fold. Additionally,
the protein expression of Prx3 (Figure 4D) was signifi-
cantly upregulated when the temperature was higher.
GSH Increased in the Liver of Broilers
Exposed to Acute Heat Stress

As were shown in the Figure 5, the content of GSH in
broilers liver was gradually increased with the ambient
temperature increase, but the content of GSSG had no
significant changes under different ambient tempera-
ture. Similarly, The gene related to GSH synthesis
GCLc mRNA expression in liver was enhanced by 5,
30, and 37%, respectively, in 29�C, 32�C, and 35�C
group in comparison with the control group, but
GCLm showed no statistical difference in each group.
In addition, the relative expression of GST was also
significantly increased with the ambient temperature
increasing, which was more than 2.5-fold in the 35�C
group.
Acute Heat Stress Increased mRNA
Expression of Bcl-2

Liver apoptosis–related genes mRNA and Caspase-3
protein expression results was revealed in Figure 6. With
the ambient temperature increasing, hepatic antiapop-
totic factor BCL-2 mRNA levels were extremely signifi-
cantly upregulated by 1.52-fold, 1.56-fold, 1.96-fold in



Figure 1. Effects of acute heat stress at different ambient temperature on the level of oxidative damage biomarkers. Broilers hepatic hydrogen
peroxide (H2O2), protein carbonyl (PC), malonaldehyde (MDA), and 8-hydroxyguanosine (8-OGdG) level changes after 6 h acute heat exposure
is, respectively, shown in panels A, B, C, and D. Values are mean 6 SD of 6 replications. Data points with different letters are significantly different
(one-way ANOVA) at the level of P , 0.05 by Duncan’s multiple comparison test.
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the heat exposure group, respectively. ThemRNA expres-
sion ofBAK1which antagonized toBCL-2 did not change
significantly. Similarly, the apoptosis effectors caspase-3
and caspase-9 had no significant differences at mRNA
level. Also, there was no significant difference in caspase-
3 and caspase-9 at the protein level.
DISCUSSION

It is well known that the upper critical temperature of
broilers was 26�C (Meltzer, 1983; Diarra and Tabuaciri,
2014). When the ambient temperature is higher, heat
stress is likely to occur in broilers. Generally, there are
3 stages in the reaction to a stressor when the animals
receive environmental stimulation: alarm, resistance,
and exhaustion (Selye, 1950; Mcewen, 2005). The dura-
tion of acute heat stress is usually very short, with regard
to redox status in the animal has the following physiolog-
ical characteristics: at the initial stage, the antioxidant
defense system in the body starts to work, scavenging
a large amount of ROS produced by high temperature
and protecting tissues and organs against surplus ROS
formation (Anu et al., 2014). In the present study, the
hepatic content of H2O2 in broilers increased signifi-
cantly at high ambient temperature, indicating that
6 h acute heat exposure could cause the increase of
ROS in the body of broilers. One of the negative effect
of ROS is the modification of several biological macro-
molecules, leading to lipid peroxidation and oxidative
damage to protein and nuclear acid (Trevisan et al.,
2001; Orrenius et al., 2007). In this study, the content
of lipid, protein, and DNA oxidation biomarkers MDA,
PC, 8-OHdG in the liver of broiler chickens was
detected. The results showed that the content of MDA
and 8-OHdG was not significantly affected by tempera-
ture. Only the content of PC was significantly changed
after acute heat stress, and this probably because pro-
teins are among the most abundant cellular components
vulnerable to oxidation (Anjum et al., 2015). These
results indicate that, under the conditions of this exper-
iment, the maximum temperature of 35�C, 6 h acute
heat exposure, could result in increased ROS production,
but might not cause serious oxidative injury to the liver
of broilers.

Numerous studies have reported that, when exposed to
acute high ambient temperature, the activity of various
antioxidant enzymes in the tissues and organs of broilers
and quails usually tended to elevate (Lin et al., 2006; Tan
et al., 2010; Vesco et al., 2016). Similar results were found
in our research, as thefirst line of defense during oxidative
stress; although the activities did not exactly increase
with temperature strictly, there were significant differ-
ence in the activity of CAT and GR in liver between
the control and the groups exposed to high ambient tem-
perature. In addition, the activity of SOD also tended to
increase. The enzymatic antioxidants have effective pro-
tective effects against oxidative attack (He et al., 2017),
and when slight disturbance occurs in the redox balance,



Figure 2. Effects of acute heat stress at different ambient temperature on the activities of antioxidant enzymes. Broilers hepatic superoxide dis-
mutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), and glutathione reductase (GR) activity changes after 6 h acute heat exposure
is, respectively, shown in panels A, B, C, and D. Values are mean 6 SD of 6 replications. Data points with different letters are significantly different
(one-way ANOVA) at the level of P , 0.05 by Duncan’s multiple comparison test.
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the activity of various antioxidant enzymes increases and
exerts beneficial effects on decomposing ROS. This may
be the reason why the content of MDA in broilers was
Figure 3. Effects of acute heat stress at different ambient tempera-
ture on the nuclear factor erythroid-2-related factor 2 (Nrf2) signaling
pathway and other antioxidant genes expression in broilers liver. Values
are mean 6 SD of 6 replications. Data points with different letters are
significantly different (one-way ANOVA) at the level of P , 0.05 by
Duncan’s multiple comparison test. Abbreviations: HSP70, heat shock
70 kDa protein 2; HO-1, heme oxygenase 1; NQO1, NAD(P)H quinone
dehydrogenase 1; Prx1, peroxiredoxin 1; Prx3, peroxiredoxin 3; CAT,
catalase; SOD1, superoxide dismutase 1; SOD2, superoxide dismutase 2.
not significantly changed in the current study. Mean-
while, the hepatic mRNA and protein level of HSP70 in
broilers was significantly upregulated when the ambient
temperature increased. As a molecular chaperone, this
heat shock protein is highly conserved protein which
get activated by high temperature and plays a role in
cytoprotective function to improve the adaptability of
broilers under high temperature condition (Miao et al.,
2006; Yang et al., 2017).
The Nrf2 signaling pathway is the major regulator of

cytoprotective responses to the stress caused by ROS
(Levonen, 2012). With the increasing of ROS, Nrf2 binds
together with small Maf proteins to the antioxidant
response element and induce expression of its target
antioxidant genes (Kansanen et al., 2013). Previous
study about mice has reported heat exposure increased
Nrf2 mRNA and protein level (Li et al., 2018).
Jin et al. (2016) found that when the bovine mammary
epithelial cells were exposed to 42.5�C for 1 h, the Nrf2
signaling could be activated by acute heat stress, indi-
cating a possible self-defense mechanism of the bovine
mammary epithelial cells to respond to acute heat stress
(Jin et al., 2016). In addition, Li et al. (2014) reported
that 8-wk-old mice were exposed to a single scrotal
heat treatment with 42�C for 25 min, which caused
increased expression of Nrf2 mRNA and translocation
of Nrf2 protein into interstitial cell nuclei accompanied



Figure 4. Effects of acute heat stress at different ambient temperature on the HSP70, Nrf2, and Prx3 protein expression in broilers liver. TheWest-
ern blot images of hepatic HSP70, Nrf2, and Prx3 protein expression is shown in panel A. The relative expression of HSP70, Nrf2 and Prx3 protein is,
respectively, shown in panels B, C and D. Values are mean6 SD of 6 replications. Data points with different letters are significantly different (one-way
ANOVA) at the level of P, 0.05 by Duncan’s multiple comparison test. Abbreviations: HSP70, heat shock 70 kDa protein 2; Prx3, peroxiredoxin 3;
Nrf2, nuclear factor erythroid-2-related factor 2.
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(Li et al., 2014). However, there is little information
about Nrf2 in chickens exposed to acute high tempera-
ture. In the present study, compared with the control
group, we discovered that Nrf2 was also upregulated at
the level of mRNA and protein in broilers liver exposed
to acute high temperature. Newly synthesized Nrf2 pro-
tein could increase the expression of its target genes such
as HO-1 and NQO1 which belong to cellular detoxifying
enzymes with great help for antioxidant system. mRNA
expression of both of them in the liver was gradually
upregulated with increasing temperature. The upregu-
lated mRNA level of CAT, SOD1, and SOD2 in the
broilers was further detected, which was consistent
with the change of antioxidant enzyme activities. More-
over, Prxs family play an important role as a house-
keeping gene to protect against oxidative damage, and
Prx3 is one of the efficient peroxidase used in the scav-
enging of H2O2 and other ROS (Han et al., 2005). Previ-
ous study reported that Prx1 and Prx3 protein
abundance increased in response to acute heat stress in
the small yellow follicles of layer-type chickens (Cheng
et al., 2018). Similar results were found in the present
study that hepatic mRNA and protein level of Prx3
was significantly upregulated in the broilers exposed to
acute heat stress. The present data revealed that Nrf2
was activated by the changes in the redox state which
caused by acute heat stress and able to protect liver
from oxidative damage by increasing expression of
various protective molecules.

Another important role of Nrf2 is to regulate the biosyn-
thesis of GSH.Glutathione is considered as themost abun-
dant molecule among endogenous antioxidants, which
scavenge ROS either directly or indirectly. Moreover, it
can also exert the function of scavenging ROS by revital-
izing other antioxidants (Espinosa-Diez et al., 2015). For
instance, GST could conjugate with GSH, exerting detox-
ificationofxenobiotics andelectrophiles (Surai et al., 2019).
The rate limiting step of GSH synthesized is carried out by
glutamate cysteine ligase (GCL), which is a heterodimeric
enzyme composed by a heavy subunit GCLc and a smaller
one GCLm (Harris et al., 2015). In the present study, with
increasing in ambient temperature, the mRNA expression
of GCLc and GST was enhanced significantly, indicating
more GSH was synthesized in the liver of broilers at the
same time. As mentioned above, the activity of GR was
also significantly elevated, and GR is the enzyme critical
for the reduction of GSSG back to GSH and acceleration
for GSH cycle (Couto et al., 2016). These findings suggest
that the synthesis and utilization of GSH in the broilers
exposed to acute heat stress were improved, especially
when the ambient temperature was higher than 32�C,
which contributed tomaintaining redox status in the liver.

The results of our research demonstrated that acute
heat stress can lead to increased ROS while Nrf2 was



Figure 5. Effects of acute heat stress at different ambient temperature on the content of glutathione (GSH),oxidized glutathione(GSSG), and other
related genes expression in broilers liver. The hepatic content of GSH in broilers is shown in panel A. The hepatic content of GSSG in broilers is shown
in panel B. The expression of related mRNA is shown in panel C. Values are mean6 SD of 6 replications. Data points with different letters are signif-
icantly different (one-way ANOVA) at the level of P , 0.05 by Duncan’s multiple comparison test.

Figure 6. Effects of acute heat stress at different ambient temperature on the apoptosis related genes and protein level in broilers liver. The mRNA
relative expression level of hepatic apoptosis is shown in panel A. The Western blot images of hepatic Caspase-3 and Caspase-9 protein expression is
shown in panel B. The relative expression of Caspase-3 andCaspase-9 is, respectively, shown in panels C andD. Values aremean6 SD of 6 replications.
Data points with different letters are significantly different (one-way ANOVA) at the level of P , 0.05 by Duncan’s multiple comparison test.
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activated. Thus, we continued to focus on investigating
the expression of apoptosis-related molecules in the liver
under this special physiological condition. Reactive oxy-
gen species and the redox state of a cell play a vital role
in regulating apoptosis (Curtin et al., 2002). Protein
family caspases and BCL-2 were found to be intimately
related to apoptosis caused by ROS. The presence of
BCL-2 could rescue cells from cell death and controlled
by Nrf2 (Niture and Jaiswal, 2012), but BAK1 is the
proapoptosis members. Furthermore, caspases activa-
tion was suggested as an important criterion of cell death
(Kroemer et al., 2005). In the present study, the mRNA
expression of BCL-2 was significantly upregulated to
inhibit apoptosis with the increasing ambient tempera-
ture. However, the other 3 detected genes did not change
significantly. In addition, the level of caspase-3 and
caspase-9 protein had no significant difference either.
Based on these results, the antioxidant defense system
and the antiapoptotic genes of broilers play a vital role
in preventing apoptosis induced by increased ROS after
6 h acute heat exposure with the highest temperature be-
ing 35�C.
In conclusion, broilers have a certain tolerant to oxida-

tive stress induced by high temperatures. When the
ambient temperature exceeded the thermoneutral zone
in a short time, the antioxidant defense system in the
body would play a role in scavenging excess ROS. Specif-
ically, Nrf2 signaling pathway starts activation, and the
expression of various antioxidant genes and proteins was
upregulated. Meanwhile, the activity of antioxidant en-
zymes and synthesis of GSH were increased. These phys-
iological changes work together to maintain an
appropriate redox status in the body under high ambient
temperature condition.
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