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ABSTRACT Liver is a central metabolic organ, which
is sensitive to heat stress. Liver damage affects animals'
health and endangers the livestock and poultry industry.
This study aimed to investigate the mechanism of
chronic heat stress-induced liver damage in broiler chick-
ens. Broilers were divided into 3 treatments: normal con-
trol group (NOR, 22°C), heat stress group (HS, 32°C)
and pair-feeding group (PF, 22°C) for a 7-d and 14-d
trial. The results showed that 7 d heat exposure caused
microvesicular steatosis and reduced glutamine synthe-
tase activity in broiler liver (P < 0.05). After 14 d of
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heat exposure, heat stress caused vacuolar degeneration
and apoptosis in the liver; elevated liver relative weight
and liver glutaminase activity as well as plasma ammo-
nia level (P < 0.05). Additionally, heat stress enhanced
GRP78 protein expression and the mRNA expressions
of endoplasmic reticulum (ER) stress responses genes
and apoptosis-related genes in broiler liver after 14 d of
heat exposure (P < 0.05). In conclusion, chronic heat
stress triggered ER stress-induced apoptosis and caused
liver damage, which may compromise ammonia detoxifi-
cation in broiler liver.
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INTRODUCTION

With the increased severity of global warming (Still-
man, 2019), heat stress has become an increasingly prev-
alent environmental stressor that threatens human and
animals health (Arifwidodo and Chandrasiri, 2020;
Chauhan et al., 2021), and it occurs when body heat pro-
duction exceeds the heat lost to surrounding environ-
ment. Modern commercial broilers are especially
vulnerable to heat stress under high ambient tempera-
ture, owing to their restrictive heat loss capacity, high
metabolic rates, high heat production, hypoplasia of
sweat gland, and intensive genetic selection (Deeb and
Cahaner, 2002; Nawab et al., 2018). Heat stress impairs
welfare and growth performance of broiler, and causes
enormous economic loss in commercial broiler industry
(Mohammadi, 2021; Hamidi et al., 2022).
Liver is pivotal organ of metabolic activity, which per-

forms essential cellular functions containing the balance
of energy metabolism, biosynthesis of vitamins and min-
erals, and ammonia detoxification (Schliess et al., 2014).
Elevated blood flow transfers from the hepato-splanch-
nic region to respiratory muscles and superficial body
tissues to accelerate heat dissipation and decrease body
temperature under heat stress, therefore, liver is more
sensitive to heat stress (Hai et al., 2006; Crandall et al.,
2008). It has been reported that heat stress caused liver
fat accumulation and inflammation, and impaired liver
function in broiler (Lu et al., 2019; Chen et al., 2021a).
As the crucial organelle, endoplasmic reticulum (ER)

is in charge of protein maturation and correct folding,
calcium homostasis, as well as the detoxification of cer-
tain drugs (Ron and Walter, 2007). ER stress occurs
when accumulation of unfolded and misfolded proteins
in ER. Consequently, the cells activate dynamic signal-
ing pathway, called the unfolded protein response
(UPR) containing three specific ER-resident protein
sensors: the activating transcription factor 6 (ATF6),
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Table 1. Composition and nutrient content of the basal diets.

Ingredients (%) Calculated nutrient levels (%)

Corn 62.07 ME3 (MJ/kg) 13.19
Soybean meal 23.00 Crude protein 19.60
Corn gluten meal1 6.00 Calcium 0.95
Soybean oil 4.00 Available phosphorus 0.39
Limestone 1.20 Lysine 1.05
Dicalcium phosphate 2.00 Methionine 0.42
L-lysine 0.35 Methionine+ cysteine 0.76
DL-methionine 0.08
Salt 0.30
Premix2 1.00

1Crude protein content was 600 g¢kg�1.
2The premix provided per kilogram of diet: retinyl acetate for vitamin

A, 12,000 IU; cholecalciferol for vitamin D3, 2,500 IU; DL-a-tocopheryl
acetate forvitamin E, 20 IU; menadione sodium bisulfate, 1.3 mg; thiamin,
2.2mg; riboflavin, 8.0 mg; nicotinamide, 40 mg; choline chloride, 400 mg;
calcium pantothenate, 10 mg; pyridoxine HCl, 4 mg; biotin, 0.04 mg; folic
acid, 1 mg; vitamin B12 (cobalamin), 0.013 mg; Fe (from ferroussulfate),
80 mg; Cu (from copper sulfate), 8.0 mg; Mn (frommanganese sulfate),
110 mg; Zn (from zinc sulfate), 60 mg; I (fromcalcium iodate), 1.1 mg; Se
(from sodium selenite), 0.3 mg.

3ME, metabolizable energy.
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the inositol-requiring enzyme-1 (IRE1), and double-
stranded RNA-activated protein kinase (PKR)-like ER
kinase (PERK) (Schr€oder and Kaufman, 2005). These
sensors bind to glucose regulated protein 78 (GRP78)
in order to maintain the inactive state under normal
physiological status (Jie et al., 2017). When ER stress
occurs, PERK is separated from GRP78 and activated
by oligomerization and autophosphorylation, which sub-
sequently suppresses mRNA translation and induces
severe protein load in ER by phosphorylating eukaryotic
translation initiation factor 2 alpha (EIF2A) (Xu et al.,
2005). After departing from GRP78, IRE1, and ATF6
are activated and engage in facilitating protein folding,
decreasing protein synthesis, and elevating protein deg-
radation (Han and Kaufman, 2016). Under persistent or
excessive ER stress, the UPR is unable to reestablish
protein homeostasis, subsequently induces cell apoptosis
(Zinszner et al., 1998). Growing evidence manifests that
heat stress could trigger hepatocyte ER stress (Xu et al.,
2011).

Liver damage is common pathological basis of various
liver diseases, and ER stress inevitably appears in liver
damage (Liu et al., 2017). It was reported that the sup-
pression of EIF2A alleviated carbon tetrachloride
(CCl4)-induced liver damage in mice and human hepa-
tocyte cell line LO2 (Tang et al., 2020). Similarly, Bork-
ham-Kamphorst et al. found that long-term repetitive
injection of CCl4 aggravated ER stress and UPR then
caused liver cell apoptosis in lipocalin 2 null mice (Bork-
ham-Kamphorst et al., 2020). Additionally, selenium
deficiency-induced and nickel chloride-induced liver
damage were achieved by activation of ER stress in
chickens (Yao et al., 2015; Guo et al., 2016). Collec-
tively, ER stress plays a critical role in triggering liver
damage.

However, the mechanism of liver damage due to heat
stress in broilers and the role of ER stress in liver dam-
age remain to be elucidated. Therefore, the aim of this
study was to explore whether heat stress induces broiler
liver damage and its mechanism.
MATERIALS AND METHODS

Animals and Treatment Design

Animals were raised in accordance with institutional
guidelines, and all procedures were performed according
to the guidelines of the Animal Care Committee of Nanj-
ing Agricultural University, (Nanjing, China). Two hun-
dred one-day-old male broilers (Arbor Acres) were
obtained from a commercial hatchery and housed
according to commercial management from 1 to 27 d of
age.

At 28 d of age, 144 broiler chicks were randomly allot-
ted to 3 treatment groups, in which there were 6 repli-
cates (cages) and 8 birds per replicate (cage) for each
group. The birds in normal control (NOR) group were
maintained at 22°C, and feed and water were available
ad libitum; chickens in heat stress (HS) group were
housed at 32°C and received ad libitum feeding and
watering; broilers in pair-feeding (PF) group were raised
at 22°C and the amount of feed offered to PF broilers
was equal to the amount of feed consumedption of HS
group on the previous day. The PF group was designed
to demonstrate that the detrimental effect of heat stress
is independent of decreased feed intake. The relative
humidity of all treatments was maintained at 55 § 5%
for 2 wk. The composition and nutrient content of the
basal diets are shown in Table 1.
Sample Collection

After 7 and 14 d of heat stress, a total of 36 birds (2
birds per replicate) close to the replicate average weight
were stunned by an electric shock (50 V, alternating cur-
rent; 400 Hz for 5 s) and euthanized by exsanguination.
Plasma was collected and stored at �25°C. The whole
liver was excised and weighed for calculating the relative
weight of live. The 3 g liver tissue was sampled and
cooled in liquid nitrogen for subsequent analysis. A part
of liver (1 cm £ 1 cm £ 1 cm cube) was fixed in 4% para-
formaldehyde for subsequent analysis.
Liver Biochemical Parameters and Blood
Ammonia

The activities of glutamate dehydrogenase (GDH),
glutaminase (GLS), and glutamine synthetase (GS) in
the liver and plasma ammonia level were assessed by
standard kits (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China) in accordance with manufacturer's
certificate.
Hepatic Histology

The fixed liver tissue was dehydrated in the following
changes of 75, 85, 90, 95, and 100% ethanol, and then
equilibrated in xylene for the process of paraffin embed-
ding. After dewaxing, liver tissue section (3 mm thick)



Table 2. Information of sequences of the oligonucleotide primers.

Genes1 Genbank number Primer sequences (50!to 30 direction) Product size (bp)

GAPDH NM_204305 Forward: GAGGGTAGTGAAGGCTGCTG 113
Reverse: CATCAAAGGTGGAGGAATGG

GRP78 NM_205491.1 Forward: TCCTGCTCCTCGTGGTGTCC 148
Reverse: CTCCTCTGGTGTTAGCCGATTCTG

PERK XM_420868.6 Forward:GTGGATGAGCAGGAGGCAATGATG 150
Reverse:ATCCTTAACCAGCCATGCAGAAGC

EIF2A NM_001031323.2 Forward: GCTGCGAGTCAGTAATGGGTATAA 103
Reverse: CTGCCAGGAAACTTGCCACA

ATF4 NM_204880.2 Forward: AATTGGCTCGCTGTGGACAG 148
Reverse: CGGTGGCTTCCAGATGTTCC

ATF6 XM_422208 Forward: GATTGTGGGCGTCACTTCTCG 142
Reverse: TGGGATGCCAATGTTAGCCTG

IRE1 NM_001285499 Forward: TGAGGGCAATGAGAAATAAGAAGC 127
Reverse: TGTAGGAGCAGGTGAGGGAAGC

XBP1 NM_001006192 Forward:GCGAGTCTACGGATGTGAAGGA 140
Reverse: TGTGGAGGTTGTCAGGAATGGT

CHOP XM_015273173.2 Forward:CAGGAAGAAGAGCTGGCCCCACT 123
Reverse:TGCTGTGCTCGCCGTGCTGT

Caspase-3 XM_015276122.2 Forward:ACAGCAAGCGAAGCAGTTTT 115
Reverse:TCACCTCTGAAAAGGCTGGT

Bcl-2 NM_205339.2 Forward:ATCGTCGCCTTCTTCGAGTT 150
Reverse:ATCCCATCCTCCGTTGTCCT

1Abbreviations: ATF4, Activated transcription factor 4; ATF6, Activated transcription factor 6; Bcl-2, B-cell CLL/lymphoma 2; CHOP, transcrip-
tional factor C/EBP homologous protein; EIF2A, elongation initiation factor 2 alpha; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GRP78, glu-
cose-regulated protein 78; IRE1, Inositol-requiring enzyme 1; PERK, protein kinase RNA-like ER kinase; XBP1, X-boxbinding protein 1.
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was stained with hematoxylin and eosin (H&E)
(Wuhan Servicebio Technology Co. Ltd., Wuhan,
China). Morphological features of liver tissue sections
were observed and captured using light microscopy
(Olympus BX50, Tokyo, Japan) with digital camera
(Olympus XC10).
Terminal Deoxynucleotidyl Transferase
Mediated-dUPT Nick End Lableing Staining

To assess the degree of apoptosis in the liver tissue, ter-
minal deoxynucleotidyl transferase mediated-dUPT nick
end lableing (TUNEL) kit (Vazyme Biotech Co. Ltd.,
Nanjing, China) was processed in accordance with manu-
facturer’s protocols. Briefly, the liver paraffin sections
were treated with proteinase K at 37°C for 25 min after
de-waxing, and subsequently incubated at 37°C for 2 h in
the present with terminal deoxynucleotidyl transferase 20-
deoxyuridin 50-triphosphate mixture. After washing with
phosphate buffered saline, the sections were treated with
40,6-diamidino-2-phenylindoledihydrochloride (DAPI)
under dark condition for 10 min at room-temperature.
The sections mounted by antifade mounting medium
were observed and captured for assessing the degree of
apoptosis in the liver tissue via fluorescencemicroscope.
Liver apoptotic rate was expressed as the ratio of apopto-
tic cells to total number of cells.
Quantitative Real-Time PCR

The separation of total RNA was performed using
RNAiso Plus reagent (TAKARA BIO INC, Nojihigashi,
Japan). According to manufacturer's protocol, RNA
concentrations and purity were assessed using an ultra-
microspectrophotometer (Thermo Scientific,
Wilmington, DE), and then the concentration of RNA
was adjusted to 500 ng/mL. Reverse transcription was
carried out using HiScript Ⅲ qRT SuperMix kit (Vazyme
Biotech Co. Ltd.), as manufacturer's recommendations.
The gene expressions of resulting cDNA were detected

using Quantitative Real-Time PCR on ABI PRISM
7500 (Applied Biosystems, Foster City, CA). The reac-
tion was carried out in a 20-mL reaction system contain-
ing 10 mL ChamQ Universal SYBR qPCR Master Mix
(Vazyme Biotech Co. Ltd.), 8.2 mL of RNase-free dH2O,
0.4 mL of each primer, and 1 mL of cDNA. The details of
primer sequences were shown in Table 2. The PCR pro-
cedure was performed by steps as follows: 95°C for 30 s,
with 40 cycles of 95°C for 5s and 60°C for 30 s, 95°C for
15 s, 60°C for 1 min, terminated by 95°C for 15 s. The
value of target gene expression was normalized to that
of GAPDH and calculated using 2�44Ct method (Livak
and Schmittgen, 2001).
Western Blot

The refrigerated liver tissue (approximately 30 mg)
was homogenized in 300 mL strong RIPA buffer supple-
mented with 3 mL PMSF and 3 mL protease inhibitor,
then the supernatant was gathered to extract total pro-
tein. Protein concentration was detected by the BCA
assay reagent (Sangon Biotech Co., Ltd, Shanghai,
China). Approximately 20 mg protein was subjected by
10 % SDS-PAGE gels and transferred onto a 0.45-mm
PVDF membrane. The membrane was incubated with
GRP78 antibody overnight (Cell signaling technology,
Beverly, MA) after blocking with a 5% skim milk pow-
der, and then incubated with HRP-linked secondary
antibody (Cell signaling technology). The protein band
was visualized by chemiluminescence using

ncbi-n:NM_204305
ncbi-n:NM_205491.1
ncbi-n:XM_420868.6
ncbi-n:NM_001031323.2
ncbi-n:NM_204880.2
ncbi-n:XM_422208
ncbi-n:NM_001285499
ncbi-n:NM_001006192
ncbi-n:XM_015273173.2
ncbi-n:XM_015276122.2
ncbi-n:NM_205339.2
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chemiluminescence imaging system (BIO-RAD, Rich-
mond, California). The band intensity was calculated by
Image J software.
Statistical Analysis

Statistical analysis of the data was carried out using
oneway ANOVA Tukey’s post hoc test via SPSS-statis-
tical software version 19.0 (SPSS Inc, Chicago, IL). The
data were presented as means § standard errors and
analyzed with the cage as a statistical unit (n = 6). Sta-
tistically significant was set at P < 0.05.
RESULTS

The Relative Weight of Liver and Plasma
Ammonia

As presented in Figure 1, after 7 d of heat exposure, no
significant difference was observed in the relative weight
of liver among the 3 groups (P > 0.05). Plasma ammonia
level in the PF group was significantly decreased in com-
parison with the NOR and PF groups (P < 0.05). Com-
pared with those of the NOR and PF groups, 14 d of
heat exposure significantly elevated the relative weight
of liver and plasma ammonia level in the HS group (P <
0.05).
Liver Ammonia-Metabolizing Enzymes
Activities

As shown in Table 3, after 7 d of heat exposure,
broilers in the PF group exhibited significant reduction
of liver GLS activity compared with that of the NOR
and HS groups (P < 0.05), and liver GS activity in the
HS group was significantly lower than that of the NOR
group (P < 0.05). Additionally, 14 d of heat exposure
significantly elevated liver GLS activity in the HS group
compared to NOR and PF groups (P < 0.05).
Liver Histopathological Analysis

H&E staining was employed to illustrate changes in
liver histopathology and results were shown in Figure 2.
Figure 1. Effect of chronic heat stress on the relative weight of liver an
(n = 6). a,b-Different letters manifest that there was significant difference
NOR, normal control group; PF, pair-feeding group.
After 7 d of heat exposure, microvesicular steatosis
occurred in the HS group characterized by hepatocytes
containing amounts of fat droplets, and there were no
obvious pathological changes in the NOR and PF
groups. After 14 d of heat exposure, severe vacuolar
degeneration of the hepatocyte was observed in the HS
group, and no obvious pathological changes were found
in the NOR and PF groups.
Liver Gene Expressions and Protein
Expression

As shown in Figure 3, after 7 d of heat exposure, birds
in the HS group exhibited higher level of the mRNA
expression of PERK than that of the NOR and PF
groups (P < 0.05), the RNA expressions of EIF2A,
ATF6, IRE1, and spliced X-box binding protein 1
(XBP1) in the PF group were significantly lower than
those of the other 2 groups (P < 0.05). Additionally,
after 7 d of heat exposure, the RNA expressions of
GRP78 and activating transcription factor 4 (ATF4) in
the PF group were significantly lower than those of the
NOR group (P < 0.05). Compared with the NOR and
PF groups, birds in the HS group exhibited higher levels
of the mRNA expressions of GRP78, PERK, EIF2A,
ATF4, IRE1, and XBP1 in broiler liver after 14 d of
heat exposure (P < 0.05).
The mRNA expressions of liver apoptosis associated

genes were shown in Figure 4. Broilers in the PF group
exhibited a significant reduction in the mRNA expres-
sions of C/EBP homologous protein (CHOP) and Cas-
pase-3 in comparison with the other 2 groups in the liver
after 7 d of heat exposure (P < 0.05). The mRNA expres-
sions of CHOP and Caspase-3 in the HS group were sig-
nificantly higher than those of the other 2 groups in
broiler liver (P < 0.05), and the liver Bcl-2 mRNA
expression in the HS group was significantly lower than
that of the NOR group after 14 d of heat exposure (P <
0.05).
The GRP78 protein expression in broiler liver was

shown in Figure 5. There was no significant difference in
protein expression of liver GRP78 between 3 groups
after 7 d of heat exposure (P > 0.05). After 14 d of heat
exposure, compared with that of the NOR group, the
GRP78 protein expression showed an elevating trend
d blood ammonia level in broiler. The data is presented as mean § SE
among three groups (P < 0.05). Abbreviations: HS, heat-stress group;



Table 3. Effect of chronic heat stress on ammonia-metabolizing enzymes activities in broiler liver.

Items

Treatments1

P-valuesNOR HS PF

After 7 days of heat exposure
GDH (nmol/min/mg protein) 45.25 § 6.73 39.35 § 3.06 33.53 § 3.03 0.232
GLS (nmol/min/mg protein) 8.86 § 0.31a 9.67 § 0.81a 6.99 § 0.47b 0.013
GS (mmol/h/mg protein) 0.34 § 0.02a 0.24 § 0.03b 0.28 § 0.01ab 0.017

After 14 days of heat exposure
GDH (nmol/min/mg protein) 25.94 § 2.28 25.78 § 2.24 31.21 § 3.65 0.323
GLS (nmol/min/mg protein) 11.05 § 0.92b 13.89 § 0.62a 11.15 § 0.65b 0.026
GS (mmol/h/mg protein) 0.28 §0.02 0.24 § 0.03 0.20 § 0.02 0.149
1The data is presented as mean § SE (n = 6).
a,bDifferent superscript letters manifest that there was significant difference among three groups (P < 0.05).
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(P = 0.089) in the HS group, and the GRP78 protein
expression in the HS group was higher than that of the
PF group (P < 0.05).
TUNEL Analysis

Liver apoptotic rate was detected by TUNEL assay
and shown in Figure 6. After 7 d of heat exposure, liver
apoptotic rate in the PF group was significantly lower
than that of the NOR and HS groups (P < 0.05). Com-
pared with NOR and PF groups, birds in the HS group
exhibited higher liver apoptotic rate after 14 d of heat
exposure (P < 0.05).
DISCUSSION

Over the last decade, the global surface temperature
has been increased by approximately 1.2°C and it is
Figure 2. Effect of chronic heat stress on the histopathological changes
d of heat exposure, normal control group; 14d NOR, 14 d of heat exposure, n
HS, 14 d of heat exposure, heat stress group; 7d PF, 7 d of heat exposure, pai
forecasted to increase by 1.5°C between 2030 and 2052,
which will aggravate the problem of heat stress (Still-
man, 2019). Heat stress can induce the decrease of feed
intake in order to decrease body metabolic heat produc-
tion in chicken (Song et al., 2012; Hamidi et al., 2022).
Broilers characterized by feather coverage, high heat
production rate and absence of sweat glands are more
vulnerable to heat stress. Numerous evidences mani-
fested that negative effects caused by heat stress is inde-
pendent of the reduction in feed intake in broilers (Lu et
al., 2017; Lu et al., 2019). Liver is prone to damage dur-
ing heat stress, due to the 22% decrease in the liver blood
flow (Wolfenson et al., 1981). Chen et al. found that
diquat increased the relative liver weight and caused
liver damage in broiler chickens, and this phenomenon
was also observed in heat-stressed broiler (Hosseini-
Vashan et al., 2019; Chen et al., 2021b), which is in simi-
larity to our findings. In the present study, after 7 d of
heat exposure, the relative liver weight of HS group
in broiler liver (H&E stain; scale bar: 50 mm). Abbreviations: 7d NOR, 7
ormal control group; 7d HS, 7 d of heat exposure, heat stress group; 14d
r-feeding group; 14d PF, 14 d of heat exposure, pair-feeding group.



Figure 3. Effect of chronic heat stress on the mRNA expressions of GRP78 (A), PERK (B), EIF2A (C), ATF4 (D), ATF6 (E), IRE1 (F), XBP1
(G) in broiler liver. The data is presented as mean § SE (n = 6). a-c-Different letters manifest that there was significant difference among three
groups (P < 0.05). Abbreviations: ATF4, activated transcription factor 4; ATF6, activated transcription factor 6; EIF2A, elongation initiation fac-
tor 2 alpha; GRP78, glucose-regulated protein 78; HS, heat-stress group; NOR, normal control group; IRE1, Inositol-requiring enzyme 1; PERK,
protein kinase RNA-like ER kinase; PF, pair-feeding group; XBP1, X-box binding protein 1.
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increased by approximately 7% when compared with the
NOR group although the difference was not significant.
In addition, 14 d of heat exposure significantly increased
the relative liver weight compared to the NOR and PF
groups, and no significant difference was found between
the NOR and PF groups. This abnormal liver weight
caused by heat stress may be explained as follows. First,
heat stress accelerates the accumulation of fat in the
liver (Lu et al., 2019). Second, heat stress triggers com-
pensatory hypertrophy of liver in order to make up for
decline in liver function of heat-stressed broiler. Addi-
tionally, we also investigated the organizational changes
in broiler liver by H&E staining. The results showed
that 7 d of heat exposure caused microvesicular steatosis
in the liver characterized by the presence of a large num-
ber of fat droplets, and amounts of fat droplets and vac-
uolar degeneration were captured in broiler liver slide in
the HS group after 14 d of heat exposure. In addition,
there were no obvious pathological features in the liver
slides of NOR and PF groups, which indicated that ele-
vation of the relative liver weight and liver damage was
induced only by the high temperature based on the same
feed consumption between the HS and PF groups.

As a crossroad of peripheral metabolism and highly
secretory tissue, liver possesses abundant ER responsible
for synthesis of secretory proteins and the transmission
of stress signaling (Ji and Kaplowitz, 2006; Rutkowski,
2019). Liver damage is associated with ER stress (Ji et
al., 2011). ER stress activates dynamic signaling path-
way called UPR, and then triggers ATF6, IRE1, and
PERK pathways to restore ER homeostasis for ensuring
cell survival. Our results showed that the mRNA expres-
sions of ER stress responses in the PF group were signifi-
cantly lower than those of the NOR and HS groups after
7 d of heat exposure. This was probably because of the
insufficient feed intake in the PF group, which might
induce lipolysis to supply energy by liver gluconeogene-
sis. Therefore, the lipid deposition in broiler liver of the
PF group was lower, and the extent of liver damage and
stress was lower (Poljicak-Milas et al., 2003; Rodrigues
et al., 2011; Pan et al., 2014). After 14 d of heat expo-
sure, the mRNA expressions of ER stress responses and
GRP78 protein expression of the HS group were signifi-
cantly higher than those of the NOR and PF groups,
which clearly suggested that liver ER stress was only
triggered by the high temperature based on the same
feed consumption between the HS and PF groups. Tri-
glyceride deposition is critical causation of ER stress.
Previous research indicated that triglyceride treatment
induced HepG2 cells ER stress (Kim et al., 2007). In the



Figure 4. Effect of chronic heat stress on the mRNA expressions of CHOP (A), Caspase3 (B), and Bcl-2 (C) in broiler liver. Abbreviations:
CHOP, transcriptional factor C/EBP homologous protein; Caspase-3, caspase-3; Bcl-2, B-cell CLL/lymphoma 2; HS, heat-stress group; NOR, nor-
mal control group; PF, pair-feeding group. The data is presented as mean§ SE (n = 6). a-c-Different letters manifest that there was significant differ-
ence among three groups (P < 0.05).
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present study, we observed that a large number of fat
droplets were deposited in broiler liver, this might be the
reason of liver ER stress during heat stress, which
remains to be further explored.

Cells are unable to alleviate persistent and severe ER
stress and succumbed to death through the activation of
CHOP (Marciniak et al., 2004; Choi and Song, 2020).
Figure 5. Effect of chronic heat stress on the protein expressions of
GRP78 in broiler liver. Abbreviations: GRP78, glucose-regulated pro-
tein 78; HS, heat-stress group; NOR, normal control group; PF, pair-
feeding group. The data is presented as mean § SE (n = 6). a,b-Differ-
ent letters manifest that there was significant difference among three
groups (P < 0.05).
CHOP triggers cell apoptosis via downregulating anti-
apoptotic Bcl-2 expression and upregulating caspase-3
(Puthalakath et al., 2007; Hsu et al., 2018). In the pres-
ent study, 7 d of heat exposure did not affect the mRNA
expressions of CHOP and caspase-3 as well as the
TUNEL positive nuclei in the liver, but those indicators
in the PF group were significantly lower than those of
the NOR and HS groups, which was probably resulted
from low level of ER stress in the PF group. After 14 d
of heat exposure, heat stress increased the mRNA
expressions of CHOP and caspase-3, and the mRNA
expressions of CHOP and caspase-3 in the HS group
were higher than those of the PF group in broiler liver
based on the same feed intake, which suggested that ele-
vation of liver apoptosis was only caused by the high
temperature rather than reduction of feed intake. Eleva-
tion of hepatocyte apoptosis triggers acute liver damage
and induces in chronic liver diseases (Malhi and Gores,
2008). The data presented thus far indicated that
chronic heat stress enhanced ER stress-induced liver
apoptosis and induced in liver damage. We also
employed the TUNEL assay to assess the impact of heat
stress on the extent of liver apoptosis, and found that
heat stress increased the TUNEL positive nuclei in
broiler liver after 14 d of heat exposure, which further
proved the above viewpoint.
Amino acids metabolism promotes ammonia produc-

tion. In order to avoid excessive ammonia-induced



Figure 6. Effect of chronic heat stress on liver apoptotic rate in broiler (TUNEL assay, £ 200). Abbreviations: HS, heat-stress group; NOR, nor-
mal control group; PF, pair-feeding group. Normal cell nucleus is blue, and apoptotic cells was dyed green. The data is presented as mean § SE
(n = 6). a,b-Different letters manifest that there was significant difference among three groups (P < 0.05).
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intoxication, the ammonia is transferred to liver for
detoxification. In mammals, ammonia detoxification is
primarily achieved by urea formation. However, birds
characterized by the absence of carbamoyl phosphate
synthetase I are unable to synthesize urea (Smith and
Campbell, 1988). Hence, GS is main enzyme for ammo-
nia detoxification. Liver damage reduces the distribution
of GS staining and GS activity in the liver, which is due
to its strict perivenous localization (Gebhardt and
Mecke, 1983; Sch€ols et al., 1990). On the contrary, liver
damage induces the elevation of GLS activity. When
liver damage occurs, the elevation of GLS activity
increases glutaminolysis to activate hepatic stellate cell
in order to accelerate liver regeneration (Jiang et al.,
2017). In the present study, 7 days of heat exposure did
not affect liver GLS activity, but liver GLS activity in
the PF group was lower than that of the other 2 groups.
This was probably ascribed to insufficient energy supply
in the PF group, which induced fat mobilization and
decrease of liver fat content, the level of stress and dam-
age in the liver is low (Poljicak-Milas et al., 2003;
Rodrigues et al., 2011; Pan et al., 2014). In this study,
we found that 7 d of heat exposure reduced GS activity
in the liver, which might be due to liver damage. After
14 d of heat exposure, heat stress increased GLS activity
in the liver and increased plasma ammonia level in com-
parison with the NOR and PF groups, which suggested
that the reduction of liver ammonia detoxification and
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the increase of plasma ammonia was only caused by the
high temperature based on the same feed consumption
between the HS and PF groups.
CONCLUSIONS

This study demonstrated that chronic heat stress trig-
gered ER stress-induced apoptosis in broiler liver, subse-
quently induced in liver damage, which might be
responsible for impairment of liver ammonia detoxifica-
tion ability and the elevation of plasma ammonia level.
These findings have important practical significance in
exploiting reasonable effective means to alleviate liver
damage and improve health in broilers under high ambi-
ent temperature.
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