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ABSTRACT The increasing global temperature is
causing economic losses and animal welfare problems in
the poultry industry. Because poultry do not have sweat
glands, it is difficult for them to return to their usual
body temperature. Heat stress has negative impact on
production and health in broilers. Given the effects of
chronic stress on broilers, the objective of this study was
to identify physiological changes in differentially
expressed proteins in broilers with different growth per-
formances using liver tissue from 35-day-old chickens
(Ross-308). Changes in protein levels were analyzed
with two-dimensional gel electrophoresis (2DE) and
mass spectrometry. This study contained 2 groups (con-
trol and heat treatment groups) with 8 replicates per
group. After d 20, ten birds were assigned to each repli-
cate. On d 35, the heat treatment group was subdivided
into 2 groups, a heat stressed high body weight group
(HH) and a heat stressed low body weight group (HL).

Body weight was lower in the heat treatment group
than that in the control group. In the heat treatment
group, the HH group had a significantly higher body
weight than the HL group. The expression of heat
shock protein 70 significantly increased in the HL
group. Protein spots with significant differences in
2DE analysis were screened and selected. Thirteen
significant spots were excised and analyzed using
matrix-assisted laser desorption/ionization-time of
flight (MALDI-TOF). Among the 13 spots, 8 spots
were identified. The identified spots were MRP-126,
fatty acid binding protein, ferritin heavy chain, gluta-
thione S-transferase, agmatinase; mitochondrial,
alpha-enolase, 60 kDa heat shock protein; mitochon-
drial, and tubulin beta-7 chain. Our study has
showed that high temperature stress aggravated oxi-
dative stress in broilers, which resulted in compara-
tively slow growth to preserve body homeostasis.
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INTRODUCTION

Heat stress in poultry has become a major concern due
to global warming over the past several decades. High
environmental temperatures negatively affect health
and even animal welfare (Scanes, 2016; Wang et al.,
2018). Moreover, high environmental temperatures have
a significant economic impact on the poultry industry.
For example, in Korea, livestock mortality due to heat
waves and drought is increasing, especially in poultry,
which has the highest mortality rate (Kang et al., 2020).
Unlike other animals, poultry are more susceptible to
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high temperatures, because they are covered with heavy
feathers and have no sweat glands, not allowing the easy
dissipation of heat from bodies to the environment
(Loyau et al., 2013). In high-temperature environments,
reductions in animal performance are influenced both
directly and indirectly by decreased feed intake. Low
performance in parameters such as propagative physiol-
ogy, health and energy has been shown to be a direct
effect of high temperatures (Renaudeau et al., 2012).
Under heat stress, there is a significant decrease in feed
intake and body weight (Sohail et al., 2012). In addition,
thyroid activity, which influences metabolic rate, oxygen
consumption, feed intake, and growth rate, reduces in
high-temperature environments (Mckee, Harrison, &
Riskowski, 1997). When broilers are exposed to heat,
they undergo negative effects such as immune, behav-
ioral, and physiological responses (Mujahid, Yoshiki,
Akiba, & Toyomizu, 2005). For example, they spend
more time drinking, resting and panting at high temper-
atures (Mack, Felver-Gant, Dennis, & Cheng, 2013).
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Panting is the major mechanism for heat dissipation in
poultry, but panting keeps broilers from drinking and
feeding, and also increases the risk of acid-base imbal-
ance, and respiratory alkalosis (Marder and Arad, 1989).
The liver is an important organ that maintains nutri-
tional homeostasis and produces circulatory proteins
(Jastrebski, Lamont, & Schmidt, 2017; Zhang, Yang,
Lu, & Cao, 2021). In addition, the liver, is a major
organ that coordinates transitions related to adapta-
tions in carbohydrate, lipid, and protein metabolism
(Skibiel, Zachut, Do-Amaral, Levin, & Dahl, 2018).
Thus, liver tissue is an optimal materials for investigat-
ing adaptation mechanisms under heat stress
(Zhang et al., 2021). A previous study discussed how the
liver helps maintain the overall metabolism of an organ-
ism, so it is appropriate to hypothesize that the liver will
observably react to heat stress (Jastrebski et al., 2017).
Many studies have been conducted on growth, feed
efficiency and heat shock proteins with the goal of reduc-
ing the effects of heat stress (Quinteiro-Filho et al., 2010;
Toplu et al., 2014; Yahav & Hurwitz, 1996). In addition,
many studies related to heat resistance using different
varieties are being conducted (Al-Batshan, 2002; Wang
& Edens, 1998; Xu, Lai, Li, Zhang, & Luo, 2018). How-
ever, studies on heat resistance in the same breed were
limited. Therefore, in this study, broilers with growth
differences due to heat stress were selected within the
same breed and confirmed which protein difference
appears between them using proteomic approach.

MATERIALS AND METHODS

Animal care and experimental procedures were
approved by the Animal Ethics Committee of the Jeon-
buk National University (CBNU2018-097), Republic of
Korea.

Birds and Experimental Design

In this study, one-day-old Ross-308 chicks (n = 240)
were obtained from a commercial hatchery in Iksan,
Republic of Korea. Cages (dimensions of each cage:
length x width x height, 192 x 120 x 50 cm) were used
to raise the broilers in an environmentally controlled
farmhouse with fresh water and ad libitum commercial
feed (Table 1) until the experiment was completed. The

Table 1. Composition of the basal diet.

Chemical composition Starter (0 to 20 d) Finisher (21 to 35 d)

Crude protein 20.0% 19.0%

Crude fat 4.0% 4.0%

Calcium 0.75% 0.75%

Phosphate 0.70% 0.70%

Crude fiber 6.0% 5.50%

Crude ash 8.0% 8.0%

Met + Cys + MHA" 0.75% 0.65%

ME" 3.00 Mcal/Kg 3.05 Mcal /Kg
“Met + Cys + MHA, Methionine + Cysteine + DL-Methionine

Hydroxy Analogue.

> Abbreviation: ME, metabolizable energy.

chicks were raised in the abovementioned farmhouse for
20 d in 16 cages (15 chicks/cage). The brooding temper-
ature was 34°C for the first 2 d and was then gradually
decreased to 26°C by d 21 (2°C/wk). After d 20, the
broilers were separated into 2 temperature groups (con-
trol and heat treatment) with eight replicates per group
and each replicate containing 10 birds of approximately
the same body weight (g). The control group (C) was
maintained at normal temperatures without heat expo-
sure. The control temperature was reduced by 2°C until
a temperature of 24°C was reached. The temperature
was then maintained at 24°C for 35 d. In the heat treat-
ment group, the temperature was maintained at 34°C
from d 21 to 35. The relative humidity was kept at 60%
during the entire experimental period for both the con-
trol and heat treatment groups. On d 35, heat stressed
broilers were subdivided into 2 groups, a heat stressed
with high body weight group (HH) and a heat stressed
low body weight group (HL) based on their body
weights.

Sample Collection

For the control group, 8 birds were randomly selected.
For the heat treatment group, the top 8 birds were
selected into the HH group and the bottom 8 birds were
selected into the HL group. Liver tissue was collected
after sacrifice by decapitation, and immediately frozen
in liquid nitrogen. Liver tissues were stored at —80°C
until analysis.

Western Blot Analysis

Protein expression was measured with the liver tissue
using a western blotting. For protein extraction, 100 mg
of liver tissue sample was mixed with 1 mL, RIPA Buffer
(Biosesang, Sungnam, Korea) containing protease inhib-
itor (Thermo Fisher Scientific, Waltham, MA) and
homogenized for 10 s using a homogenizer (IKA, Stau-
fen, Germany). After homogenization, samples were cen-
trifuged (13,475 X g¢, 15 min, 4°C) and the supernatants
were collected. The total protein concentration was
quantified using a DC protein assay kit (Bio-Rad, Her-
cules, CA). The supernatant was mixed with sample
buffer (2x Laemmli sample buffer, Bio-Rad, 1:1, vol/
vol) and heated at 95°C for 5 min, and then stored at
—20°C. The protein samples (30 ug) were separated on
a 12% acrylamide gel and transferred to a polyvinylidene
fluoride membrane. Each membrane was blocked with
5% skim milk in TBST buffer (20 mM Tris, 137 mM
NaCl, 5 mM KCl and 0.05% Tween 20) for 1.5 h at room
temperature. After blocking, each membrane was
washed with TBST and incubated with a primary anti-
body at 4°C overnight and secondary antibody for 1.5 h
at room temperature. Primary antibodies, including
antibodies for heat shock protein 70 (1:1,250, ADI-SPA-
820, Enzo, San Diego, CA), heat shock protein 60
(1:2,000, ADI-SPA-806, Enzo, San Diego, CA), FABP7
(1:333, ab32423, Abcam, UK), and GAPDH (1:5,000,
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MAS5-15738, Invitrogen, Waltham, MA) were diluted
with 3% skim milk. Secondary antibodies corresponding
to the primary antibodies used (the dilution ratio was
twice that of each antibody) were diluted with 5% skim
milk. The secondary antibodies used were goat anti-
mouse IgG (Thermo Fisher Scientific) and goat anti-rab-
bit IgG (Thermo Fisher Scientific). Protein bands were
visualized using SuperSignal Chemiluminescent Sub-
strates (Thermo Fisher Scientific) following the manu-
facturer’s instructions and their density was measured
using an iBright Imaging System (Thermo Fisher Scien-

tific). Protein expression levels were normalized with
GAPDH.

Two-Dimensional Gel Electrophoresis

The 100 mg powdered liver tissue sample was mixed
with 1 mL sample preparation buffer (Urea [FW 60.06]
7 M, Thiourea 2 M, 3-cholamidopropyl dimethylammo-
nio 1l-propanesulfonate [CHAPS| 4% (w/v), dithio-
threitol (DTT) 40 mM, immobilized pH gradient
(IPG) buffer 2% (v/v)) and homogenized for 15 s using
a homogenizer, and centrifuged (21,055 x ¢, 20 min, 4°
C) before the supernatant was collected. After extrac-
tion, a 2D Clean-up kit (GE80-6484-51, GE Healthcare,
Chicago, IL) was used to remove contaminants from the
samples following the manufacturer’s instructions. Total
protein concentration was determined using 2D Quant
Kit (GE80-6483-56, GE Healthcare) according to the
manufacturer’s instructions. Protein samples (800 ug)
were mixed in 450 puL of the rehydration buffer (Urea
[FW 60.06] 7 M, Thiourea [FW 76.12] 2 M, CHAPS 2%
[w/v], IPG buffer 2% [w/v], and 1% bromophenol blue
stock solution 0.0002%) and loaded on an IPG strip
(24 cm pH 3—10 nonlinear, Bio-Rad, #163-2043). Rehy-
dration was performed using a Protean IEF cell (Bio-
Rad) for 16 h. After rehydration, isoelectric focusing
(IEF) was performed using an IPGphor3 isoelectric
focusing system (GE Healthcare). The program settings
were as follows: 100 V for 1 h, 200 V for 1 h, 300 V for 1
h, 500 V for 1 h, 1,000 V for 1 h, 10,000 V for 3 h 45 min,
and 10,000 V for 3 h. After the first-dimension electro-
phoresis, the IPG strips were equilibrated with equilibra-
tion buffer (Urea [FW 60.06] 6 M, Tris-HCL, pH8.8
75 mM, glycerol 29.3% [v/v]|, SDS [FW 288.38] 2% [w/
v], 1% bromophenol blue stock solution 0.002% [w/v])
containing 1% DTT for 15 min at room temperature, fol-
lowed by a second equilibration with 2.5% iodoaceta-
mide (IAA) replacing 1% DTT for 15 min. The 12%
separating gels were precast with glass plates using an
Ettan DALT 6 six-gel caster, and IPG strips were placed
on top of it. Strips were overlaid with Agarose sealing
solution (25 mM tris base, 192 mM glycine, 0.2% SDS,
0.5 agarose, 0.002% bromophenol blue). Samples were
separated at 120 mA and 200 V until they reached the
bottom of the gel. Then, the gels were fixed with fixing
solution (MeOH 45%, acetic acid 10%) and stained with
Coomassie brilliant blue G-250 solution (Proteome
Tech, Seoul, Korea) overnight. For protein spot

detection, volume calculation and matching were ana-
lyzed using Image Master 2D Platinum 16.0 software
(GE Healthcare). The parameter used for the quantifica-
tions was the protein volume. Differentially expressed
protein spots were considered significant if they showed
P < 0.05 (one-way analysis of variance [ANOVA] fol-
lowed by Duncan’s multiple range test).

Protein Identification by Mass Spectrometry

Peptide mass fingerprinting was used for protein iden-
tification, and the protein spots from 2DE were excised.
To digest the spots, trypsin (Promega, Madison, WI),
which also contained a-cyano-4-hydroxycinnamic acid in
50% acetonitrile and 0.1% TFA (trifluoroacetic acid),
was used. Matrix-assisted laser desorption/ionization-
time of flight (MALDI-TOF) analysis (Microflex LTF
20, Bruker Daltonics, Billerica, MA) was performed as
described in previous study (Fernandez, Gharahdaghi, &
Mische, 1998). Spectra were obtained from 300 shots per
spectrum over ab m/z range from 700 and 4,000, and
trypsin auto-digestion peaks (m/z 842.5099, 2211.1046)
were used for adjustment by two-point internal calibra-
tion. Flex Analysis 3.0, was performed to generate the
peak list. For peak- picking, the threshold used was as fol-
lows: The minimum resolution of the monoisotopic mass
was 500 and the signal-to-noise ratio (S/N) was 6. For
protein identification by peptide mass fingerprinting
(PMF), the search program MASCOT, developed by
Matrixscience (http://www.matrixscience.com/) was
used. For protein identification by peptide mass finger-
printing, the following parameters were used to search
the database: trypsin for cleaving enzyme, up to one
missing cleavage, TAA (Cys) for complete modification,
oxidation (Met) for partial modification, single isotope
masses, and mass tolerance of &+ 0.2 Da. The PMF accep-
tance criteria were based on probability scoring.

RNA Extraction and qRT-PCR

Total RNA from liver tissue was extracted using the
AccuPrep Universal RNA Extraction Kit (Bioneer, Dae-
jeon, Korea), following the manufacturer’s instructions.
RNA concentration was quantified using a Nanodrop
Plate (Thermo Fisher Scientific). One microgram of
total RNA was used to synthesize complementary DNA
(cDNA) using the AccuPower RocketScript Cycle RT
PreMix (dT20) (Bioneer). The cDNA amplification was
performed with AccuPrep 2X GreenStar qPCR Master
Mix (Bioneer) using the CFX96 real-time PCR detection
system (Bio-Rad) and reverse transcription quantitative
polymerase chain reaction (RT-qPCR) was performed
under the following conditions; pre-denaturation at 95°
C for 5 min, followed by denaturation and annealing/
extension for 40 cycles each at 95°C for 15 s and 60°C for
30 s. The primers were designed using Primer 3 software
(v.0.4.0, https://bioinfo.ut.ee/primer3-0.4.0/) and are
listed in Table 2. GAPDH was used to normalize the
gene expression. The related gene expression was
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Table 2. Primer sequences for qRT-PCR.

Gene name

Primer sequences

S100 calcium binding protein A9 (MRP-126)

Fatty acid binding protein 7 (FABP7)

Ferritin heavy chain (FTH1)

Agmatinase, Mitochondrial (AGMAT)

Glutathione S-transferase (GSTA1)

Alpha-enolase (ENO1)

60KDa heat shock protein, mitochondrial (HSP60)
Tubulin beta 7 chain (TUBB)

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)

F:5'- TGACCTCCTTCTGTGCCTCT-3' R:5'- CCTGGTCAGGGTGTCTTTGT-3
F:5-CGTGATCAGGACTCAGAGCA-3' R:5'- TGCCCGAGAGGTCACTTACT -3
F:5'- GTGACCATGTGACCAACCTG -3’ R:5- GCCTTCAGCTGTCACTTTCC -3
F:5'- GGGCAGTGAGCAGAACTAGG -3' R:5'- GCTGACCTCGCCAGAACTAC -3
F:5'- CTTCATGTGGTGGGTGACTG-3' R:5'- AGGAGCACTTGACTCCCTGA -3
F:5'- GCTGCCTGGAAGAAGTTCAC -3’ R:5'- CCTTAAGGAGCAGGCAGTTG -3
F:5'- GCTGCTGTACGTGTGTTCGT -3’ R:5'- ACCCTCCTCTCCAAACACCT -3
F:5'- GGTGTCGGAGTACCAGCAGT -3’ R:5'- GCCTTTCTCAGGCCTCTTCT -3
F:5'- AGAACATCATCCCAGCGT -3’ R:5-AGCCTTCACTACCCTCTTG -3

calculated using the 2-*4“" method (Livak and Schmitt-
gen, 2001).

Statistical Analysis

The SAS software suite (version 9.4; SAS Institute
Inc., Cary, NC) was used for all experimental data. Sta-
tistical data were obtained through one-way ANOVA
followed by Duncan’s multiple range test. All experi-
mental data were expressed as means with error bars as
standard error (SE). Statistical significance was set at P
<0.05, P<0.01,and P < 0.001.

RESULTS
Growth Performance

Body weight is shown in Figure 1. The body weight of
the chickens in the heat stressed groups were signifi-
cantly lower (P < 0.001) than that in the control group.
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Figure 1. Growth performance of broilers. Values are presented as
means with error bars as standard error. *“Different superscript letters
represent significant differences. (P < 0.001). Abbreviations: C, control;
HH, Heat stressed high weight; HL, Heat stressed low weight.

A)

Heat stress

In the heat treatment group, HH group was significantly
higher (P < 0.001) than HL group.

HSP70 Expression

Figure 2 shows HSP70 expression levels. The expres-
sion of HSP70 in the HH group was similar to that in the
C group. However, the expression of HSP70 was signifi-
cantly higher (P < 0.001) in the HL group than that in
the C and HH groups.

Differentially Expressed Proteins Among
Three Groups

As a result of image analysis for the 3 groups, 13 pro-
teins with significantly different expression levels were
selected (Figure 3). Among the selected 13 proteins, 8
proteins were identified by PMF. The names of the iden-
tified proteins, their accession numbers, and other infor-
mation are listed in Table 3.

Validation of Protein Expression From 2DE
Using Western Blotting

To verify the differential expression of individual pro-
teins among the groups, western blot analysis was per-
formed. As shown in Figure 4, HSP60 expression was
significantly higher (P < 0.01) in the HH group than
that in the C and HL groups. In addition, the expression
of FABPT in the HL group was significantly lower (P <
0.01) than that in the C and HH groups. There were no
significant differences between the C and HH groups.
From these results, it can be seen that the protein
expression levels from western blotting were the same as
those of 2DE.
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Figure 2. HSP70 protein expression by western blotting in broiler liver tissue. (A) Protein levels of HSP70 and GAPDH. (B) Protein expressions
level calculated by GAPDH. Values are presented as means with error bars as standard error. *PDifferent superscript letters represent significant dif-
ferences (P < 0.001). Abbreviations: C, control; HH, Heat stressed high weight; HL, Heat stressed low weight.
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Figure 3. Different expression levels in liver tissue of broilers. (A) Representative image of 2DE gel of liver tissue from 35-day-old broilers. (B)
Protein volume of each group. Values are presented as means with error bars as standard error. *“Different superscript letters represent significant
differences (* P < 0.05, **P < 0.01, ***P < 0.001). Abbreviations: C, control; HH, Heat stressed high weight; HL, Heat stressed low weight.

Validation of Differentially Expressed
Proteins by Their Gene Expression

RT-qPCR was performed to compare the mRNA
expression levels of the genes corresponding to the 8 dif-
ferentially expressed proteins among the 3 groups
(Figure 5). The expression of MRP-126, FABP7,
AGMAT, and HSP60 in C was significantly higher (P <
0.001) than that in the HH and HL groups. In the HH
group, TUBB had significantly higher gene expression
than that in the C and HL groups (P < 0.001). The gene
expression of FTHI, GSTA1, and ENOI! in the HL was
significantly higher than that in other groups (P <0.01

or P < 0.001). Only the ferritin heavy chain showed an
identical pattern of protein expression, while the other 6
genes showed expression patterns inconsistent with the
results of protein expression patterns.

DISCUSSION

In an environment with high temperatures, the growth
rate and feed consumption of broilers decreases due to
changes in digestion (Hai, Rong, & Zhang, 2000). A pre-
vious study reported that chronically heat stressed (35 +
2°C) broilers had significantly lower body weights and

Table 3. Features of the differentially expressed proteins identified by mass spectrometry.

Protein Uniprot MW  Mascot sch . .
NO. Protein name D (KDa) Score  P-value PI (%) Protein expression
HH HL

2 MRP-126" P28318 14.170 149 1.10E-10 6.44 75 17.29 4+ 8.97" 31.27 + 15.69" 122.60 + 7.13"
3 Fatty acid-binding protein Q05423  15.031 78 0.0015 561 78 271.38 £93.86"  312.78 + 7.53" 0.00 % 0.00"
5 Ferritin heavy chain P08267  21.249 204 3.40E-16 5.78 68 76.79 + 5.35" 111.08 + 8.53" 174.20 + 27.35"
6 Glutathione S-transferase Q08392  25.282 153 4.30E-11 8.86 68 492.69 +24.50°  894.77 £+ 55.12" 663.90 + 48.78"
9 Agmatinase, mitochondrial Q90XD2 37.149 185 2.70E-14 598 54 95.81 £10.15"  160.74 + 19.26" 84.87 + 8.60"
10 Alpha-enolase P51913  47.617 306 2.20E-26 6.17 62 1,450.78 £ 73.61"  890.50 + 71.32" 1,346.36 & 75.94"
11 Tubulin beta-7 chain P09244  50.095 328 1.40E-28 4.78 68 428.74 + 77.45"  790.71 £ 96.59" 486.77 + 44.19"
12 60 KDa heat shock protein, P51913 61.105 199 1.10E-15 5.72 52 627.63 + 72.13" 1,035.424+59.96" 697.65 + 110.11"

mitochondrial
13 Alpha-enolase P51913 47.617 231 6.8 6.17 52 0.00 % 0.00" 817.81 &+ 72.80" 0.00 + 0.00"

A Abbreviation: SC, sequence coverage.
BMRP- 126: S100 calcium binding protein A9 Values are presented as means with error bars as standard error.
abDifferent superscript letters represent significant differences (P < 0.05).
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Figure 4. Protein expression of HSP60 and FABP7 in broiler liver tissue. (A) Protein levels of HSP60, FABP7 and GAPDH. (B) Protein expres-
sions level calculated by GAPDH. Values are presented as means with error bars as standard error. * Different superscript letters represent signifi-
cant differences (P < 0.01). Abbreviations: C, control; HH, Heat stressed high weight; HL, Heat stressed low weight.

body weight gain rates (Al-Fataftah & Abu-Die-
yeh, 2007). The decreased body weight gain might
be caused by multiple factors, including defective metabo-
lism (Farrell and Swain, 1977), a reduction in thyroid size,
and alternations in thyroxine secretion (Keshavarz and
Fuller, 1980). The above studies provided results consis-
tent with the present study, indicating that the group
exposed to heat treatment showed a significant decrease
in body weight compared to the control group.
Heat-shock proteins (HSPs) are present in all organ-
isms and their synthesizes increases dramatically at high
temperatures (Lindquist, 1986). Among HSPs, HSP70 is
the first to be induced wunder stress conditions
(Gupta, Sharma, Mishra, Mishra, & Chowdhuri, 2010).
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Therefore, HSP70 was used as an indicator of heat stress.
In this study, the expression of HSP70 significantly
increased in the HL group. Therefore, the HL. group may
suffer more stress from exposure to high temperatures
than other groups. Another heat shock protein obtained
from 2DE was HSP60, which is a mitochondrial stress
protein that inhibits protein denaturation (Khadir et al.,
2018). Our results showed that the expression of HSP60
was significantly higher in the HH group than that in the
C and HL groups. This result suggests that the HH group
may have the ability to effectively adapt to chronic heat
stress by increasing the production of HSP60

In this study, among eight identified proteins, 5 differ-
entially expressed proteins related to oxidative stress

el QO
onn
IITO
L

A
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& F

Figure 5. Quantitative real-time PCR analysis of the differentially expressed proteins in the liver tissue of 35-day-old broilers. Values are pre-
sented as means with error bars as standard error. *“Different superscript letters represent significant differences (**P < 0.01, ***P < 0.001). Abbre-
viations: C, control; HH, Heat stressed high weight; HL, Heat stressed low weight.
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and damage were identified from 2DE. FABP7, also
known as brain-FABP7, is also found in other tissues
and is expressed abundantly in the liver (Wang et al.,
2019). Oxidative stress negatively affects the central
nervous system, which regulates the immune response
(Lara and Rostagno, 2013; Salim, 2017). Ferritin is
related to cytokine signaling, immunity, and liver dis-
ease (Gozzelino and Soares, 2014; Li, Luo, Mines, Zhang,
& Fan, 2006; Nielsen, Engelhardt, Dullmann, & Fischer,
2002), and the ferritin heavy chain has a major function
in protecting cells from oxidative damage (Storr et al.,
2009). Glutathione S-transferase alpha is present at high
concentrations in centrolobular cells and is sensitive to
liver damage (Ozer, Ratner, Shaw, Bailey, & Scho-
maker, 2008). In addition, GSTA protects against oxida-
tive stress, and enhances adaptation to this stress
(Hayes and McLellan, 1999). Agmatinase, also known as
agmatine ureohydrolase, catalyzes the hydrolysis of
agmatine to form putrescine and urea
(Satishchandran and Boyle, 1986). Agmatinase is also
essential for the manganese ions needed to produce
metal-bound hydroxides (Salas, Lopez, Uribe, & Carva-
jal, 2004). In the reactive oxygen species (ROS) and
antioxidant systems, which are affected by oxidative
stress caused by heat stress, manganese inhibits exces-
sive ROS by improving the antioxidant capacity
(Zhu et al., 2017). Alpha enolase (ENO1) is related to
heat stress because the heat shock resistance gene
(HSR1) regulates ENO1 (lida and Yahara, 1985).
Alpha enolase also interacts with HSP70, which protects
against oxidative stress (Zeng et al., 2013).

To clarify the proteomic analysis results, qRT-PCR
was performed to examine gene expression. Verifying
the protein expression obtained from proteomic analysis
by analyzing gene expression of their corresponding
genes is common method that is widely used in studies
(Ma et al., 2019; Pearce, Lonergan, Huff-Lonergan,
Baumgard, & Gabler, 2015; Zeng et al., 2013). In this
study, the differential expression of eight genes was con-
firmed, but among these genes, only one gene (FTH1)
was consistent with the protein expression shown by
proteomic analysis. This is because heat stress affects
the initiation of translation, therefore, it affects protein
synthesis (Cherkasov et al., 2015; Merret et al., 2015).

In conclusion, we analyzed body weight, protein
expression, and 8 differentially expressed proteins, as
identified by two-dimensional gel electrophoresis and
mass spectrometry in control and heat-stressed broilers.
Several differentially expressed proteins were closely
related to proteins expressed under oxidative stress. It is
likely that high temperature stress exacerbated the oxi-
dative stress on the broilers, which resulted in a rela-
tively slow growth rate because many proteins were
involved in metabolism to maintain body homeostasis.
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