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Simple Summary: The small intestine is a pivotal organ in the alimentary tract of chickens.
Approximately 90% of digestion and absorption occurs in the small intestine. The expression
of heat shock proteins (HSPs) in different sections of the small intestine upon varying durations of
heat exposure is unclear. In this study, we evaluated the protein and mRNA expression levels of
HSP70, HSP60, and HSP47 in the duodenum, jejunum, and ileum, on acute heat exposure. The protein
and gene expression of the HSPs in the different sections of the small intestine of chicken increased at
different stages of acute heat stress and were reduced after the induction of heat tolerance. However,
acute heat stress damaged the integrity of the different sections of the small intestine and liver
in chickens.

Abstract: In this study, we examined the protein and gene expression of heat shock proteins (HSPs)
in different sections of the small intestine of chickens. In total, 300 one-day-old Ross 308 broiler chicks
were randomly allocated to the control and treatment groups. The treatment group was divided into
four subgroups, according to the duration of acute heat exposure (3, 6, 12, and 24 h). The influence
of heat stress on the protein and gene expression of HSP70, HSP60, and HSP47 in different sections
of the small intestine of chickens was determined. The protein expression of HSP70 and HSP60
was significantly higher at 6 h in the duodenum and jejunum and 12 h in the ileum. The HSP47
protein expression was significantly higher at 3 h in the duodenum and ileum and at 6 h in the
jejunum. The gene expression levels of HSP70, HSP60, and HSP47 were significantly higher at the
3 h treatment group than the control group in the duodenum, jejunum, and ileum. The glutamate
pyruvate transaminase and glutamate oxaloacetate transaminase levels were significantly higher at
12 and 24 h in the serum of the blood. Acute heat stress affected the expression of intestinal proteins
and genes in chickens, until the induction of heat tolerance.

Keywords: acute heat stress; chicken; heat shock protein; small intestine

1. Introduction

Climate change affects the poultry industry in tropical countries, and even in regions with a milder
climate. The challenges during the summer include decreased growth performance and increased
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morbidity and mortality, which ultimately result in economic losses [1,2]. Heat stress is one of the
most challenging environmental and industrial hazards, especially in chickens. Moreover, heat stress
causes physiological and serological changes in chickens [3], which severely damage organs or tissues.
Previous studies have indicated that the effects of heat stress on reduced organ function and the health
of chickens can be confirmed by evaluating the changes in various serological parameters, such as
serum glutamate pyruvate transaminase (SGPT) and serum glutamate oxaloacetate transaminase
(SGOT) [4–6].

Acute heat stress induces the reduction of feed intake, and digestibility, and reduces the function
of different organs in animals, resulting in the suppression of the growth rate [7–9]. Heat shock
proteins (HSPs) are indicators of acute heat stress. The HSPs are highly conserved proteins that
stimulate cytoprotection and induce heat tolerance in the cells of various organs and tissues,
during the heat stress period [10,11]. The HSPs also maintain the integrity of organs by repairing
damaged or misfolded proteins and promoting cell survival [12]. Heat-stress-induced transcription
factors bind to the promoters of heat-shock-related genes, enhances the expression of HSP genes,
and consequently the production of HSPs [13]. One of the HSPs, HSP70, which is involved in the
cellular response to different environmental stressors, might be a biomarker of the stress response [14].
The expression of HSP60 is considered a “danger signal” in stressed or damaged cells, and particularly
the pro-inflammatory response in the cellular innate immune system [15]. In addition, the HSP47 is
a collagen-specific chaperone and a universal biomarker in collagen-inducing cells during wound
healing [16]. The expression of HSP47 is correlated with the aging of the organism and the duration of
heat-stress exposure [17].

The gastrointestinal (GI) tract of chickens has a vast surface area, which acts as a regulatory barrier
for microbes and exogenous pathogens. The small intestine is the longest and most pivotal part of the GI
tract and is located between the stomach and the large intestine. The duodenum, jejunum, and ileum of
the small intestine are involved in nutrient transport, digestion, and absorption, providing substances
for growth and organ development [18]. Approximately 90% of digestion and absorption occurs in the
small intestine, and the remainder occurs in the stomach and the large intestine. The small intestine
consists of a continuous layer of squamous epithelial cells. This allows the GI tract to respond promptly
to heat stress, which changes the normal structure of the intestine [19] by affecting the intestinal
epithelial integrity [20]. Several studies showed the expression pattern of HSPs in the intestine on heat
or other stresses [21,22]. However, to our knowledge, no study has evaluated the expression of HSP70,
HSP60, and HSP47 in the small intestine of chickens on acute heat stress exposure.

Here, we examined the protein and mRNA expression levels of HSP70, HSP60, and HSP47 in
the duodenum, jejunum, and ileum of broiler chicks, upon exposure to acute heat stress for different
durations of time. Additionally, damage to the liver tissues was also observed by measuring the SGPT
and SGOT levels in blood serum.

2. Materials and Methods

2.1. Birds and Experimental Design

The care and use of the chickens complied with the institutional guidelines, and the animal study
protocol was approved by the Animal Experiment Administration Committee of the Jeonbuk National
University, Jeonju, Republic of Korea (approval number: CBNU2018-097). All efforts were made to
reduce discomfort, pain, and misery to the birds.

Three hundred 1-day-old Ross 308 broiler chicks were purchased from a local hatchery at Iksan,
Republic of Korea. The chicks were maintained in a battery cage at an environmentally controlled
farm, with continuous white light throughout the experiment. The farm temperature was maintained
at 33 ◦C for the first 3 days and then reduced to 30 ◦C on days 4 to 6. Thereafter, the temperature was
reduced by 2 ◦C per week to a final temperature of 26 ± 1 ◦C by day 20. In total, 128 chickens aged
21 days weighing approximately 1 kg were randomly selected and allocated to a control group (no heat



Animals 2020, 10, 1234 3 of 13

stress, n = 8) or the treatment group (n = 120). The chickens in the treatment group were divided into
four subgroups, based on the duration of heat exposure (3, 6, 12, and 24 h). The treatment groups
featured 8 replications (8 cages) with 15 birds per cage, for a total of 120 birds. At each time point,
one bird was selected from each cage (a total of eight birds at each time point). At 21 days, the chickens
in the treatment groups were maintained at 34 ± 1 ◦C for 24 h. The relative humidity was maintained
at around 50%, during heat stress, in the treatment groups. The chickens maintained in the cage were
provided feed and water ad libitum throughout the experimental period.

2.2. Sample Collection

At 0, 3, 6, 12, and 24 h of acute heat stress, one bird was randomly selected from each cage
(eight chickens per group) and sacrificed by cervical dislocation, immediately after the collection of
blood. The duodenum, jejunum, and ileum portions of the small intestine were dissected (the duodenum
attached to the surface of the pancreas separates the duodenum from the jejunum; Meckel’s
diverticulum separates the ileum and jejunum). The dissected intestinal sections were washed,
flushed with phosphate-buffered saline, immediately frozen in liquid nitrogen, and stored at −80 ◦C,
until use in the Western blotting and quantitative real-time polymerase chain reaction (qRT-PCR)
analyses. These analyses (Western blotting and qRT-PCR) were performed using eight replications
(n = 8 chickens per group).

2.3. Serum Analyses

Each blood sample was collected from the wing vein int o non-heparinized tubes, immediately
before sacrifice. The blood sample was centrifuged at 3000× g for 15 min at 4 ◦C, to obtain the serum.
The serum was stored at −80 ◦C until analysis. The levels of SGPT and SGOT were measured using
colorimetric commercial kits (Asan Pharmaceutical, Co. Ltd., Seoul, Republic of Korea), following the
manufacturer’s instructions.

2.4. Western Blotting

Heat stress induces different HSPs that protect cells by increasing their heat tolerance capacity.
Western blotting was performed to analyze the effect of different durations of acute heat exposure on
the protein expression levels of HSP70, HSP60, and HSP47 in the duodenum, jejunum, and ileum of
chickens. One hundred milligrams of the duodenum, jejunum, and ileum tissue were each lysed in
Radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl
sulfate (SDS), 1% sodium deoxycholate, 50 mM Tris-HCl (pH 7.5), and 2 mM EDTA) containing protease
inhibitor (Invitrogen, Carlsbad, CA, USA), by vortexing for 30–60 s. Each sample was centrifuged
at 15,000 × g for 15 min at 4 ◦C. The supernatant was collected for protein estimation. The protein
concentration in the supernatant was evaluated using the DC Protein Assay kit (Bio-Rad, Hercules,
CA, USA). The samples were heated in a sample buffer (Elpis, Taejeon, Republic of Korea) at 95 ◦C
for 10 min, and then cooled to 4 ◦C. The samples (30 µg) were subjected to SDS-polyacrylamide
gel electrophoresis (PAGE) using 12% gel (Bio-Rad). The resolved proteins were electroblotted
onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad). The membrane was blocked with
5% skim milk prepared in Tris-buffered saline containing Tween 20 (TBST) (TBST; 0.05% Tween
20, 100 mM Tris-HCl, and 150 mM NaCl, pH 7.5), for 1 h at 25 ◦C. The membrane was incubated
with primary antibodies at 4 ◦C overnight, washed three times with TBST (10 min per wash),
and incubated with horseradish peroxidase (HRP)-conjugated secondary antibody, for 1 h, at room
temperature. The antibody-specific protein bands were visualized using the chemiluminescent
substrate (Invitrogen) in an iBright CL1000 device (Thermo Fisher Scientific, Waltham, MA, USA).
The expression levels of HSP70, HSP60, and HSP47 were normalized to those of β-actin. The mouse
monoclonal anti-β-actin primary antibody (Santa Cruz Biotechnology, Dallas, TX, USA) and anti-HSP70,
anti-HSP60, and anti-HSP47 antibodies (Enzo Life Science, Farmingdale, NY, USA) were all diluted at
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1:2500 for Western blotting. The dilution of the goat anti-mouse IgG (Enzo Life Science) secondary
antibody was 1:5000.

2.5. RNA Extraction and qRT-PCR

The mRNA levels of HSP70, HSP60, and HSP47 in the different sections of the small intestine
were analyzed by qRT-PCR [23]. The sequences of the target genes and reference gene (glyceraldehyde
3-phosphate dehydrogenase, GAPDH) used for qRT-PCR are presented in Table 1. Total RNA
was extracted using the Trizol reagent (Invitrogen), following the manufacturer’s instructions.
The concentration and quality (260/280 nm) of the RNA was determined by measuring the absorbance at
230, 260, and 280 nm, using a Nanodrop spectrophotometer (Thermo Fisher Scientific). One microgram
of total RNA was reverse transcribed into cDNA, using the iScript™ cDNA synthesis kit (Bio-Rad),
following the manufacturer’s instructions. The qRT-PCR analysis of the target and GAPDH genes
was performed using the SYBR Green® Supermix (Bio-Rad) on a CFX96™ Real-Time PCR Detection
System (Bio-Rad). The PCR conditions were as follows—95 ◦C for 30 s, followed by 40 cycles of 95 ◦C
for 5 s and 58 ◦C for 5 s, with a melting temperature of 65–95 ◦C for 5 s. The fold changes in the mRNA
levels were determined using the ∆∆Ct method. The qRT–PCR results were analyzed using the ∆Ct
value (Ct gene of interest—Ct GAPDH for each sample). The relative gene expression was obtained
using the ∆∆Ct method (∆Ct sample—∆Ct calibrator), with the control group used as a calibrator to
compare treatment sample gene expression, where the relative gene expression was expressed as fold
change = 2−∆∆Ct and 2−∆∆Ct [24].

Table 1. Primers used for qRT–PCR.

Primer Name Primer Sequence (5′→ 3′) Annealing Temperature (◦C)

HSP70
F-GGTAAGCACAAGCGTGACAATGCT

55R-TCAATCTCAATGCTGGCTTGCGTG

HSP60
F-AGAAGAAGGACAGAGTTACC

55R-GCGTCTAATGCTGGAATG

HSP47
F-ACTGGCTCATAAGCTCTCCAGCAT

57R-TCATCTTGCTGGCCCA GGTCTTTA

GAPDH
F-AGAACATCATCCCAGCGTCC

60R-CGGCAGGTCAGGTCAACAAC

HSP; heat shock protein, GAPDH; Glyceraldehyde 3-phosphate dehydrogenase

2.6. Statistical Analyses

All experimental data were analyzed using SAS version 9.3 (SAS Institute Inc., Cary, NC, USA).
The data are represented as the mean ± standard error from eight replications for each experimental
group. Duncan’s multiple range test followed by analysis of variance (ANOVA) was used to compare
the groups exposed to heat stress for 0, 3, 6, and 24 h. Differences were considered statistically
significant when the p value was <0.05.

3. Results

3.1. Effect of Acute Heat Stress on the mRNA Expression Levels of the HSPs

The expression levels of HSP70, HSP60, and HSP47 in the duodenum were significantly
up-regulated at 6 h on acute heat stress, and were reduced after 6 h (Figure 1A–C). However,
the expression levels of HSP70 and HSP47 were significantly lower at 24 h than at 3, 6, and 12 h.
The expression levels of HSP60 were significantly lower at 24 h than at 6 and 12 h (p < 0.05).



Animals 2020, 10, 1234 5 of 13

Figure 1. The mRNA expression of the heat shock proteins in the duodenum of chickens exposed to
acute heat stress for different durations of time (n = 8). The mean relative expression of HSP70 (A),
HSP60 (B), and HSP47 (C). A–D HSP70, HSP60, and HSP47 in the columns with different superscript
letters differ significantly (p < 0.05) among the different heat exposure durations.

The results of qRT–PCR analysis in the jejunum on acute heat stress showed that the gene
expression levels of HSP70 was significantly up-regulated at 12 h after acute heat stress (p < 0.05)
(Figure 2A). The gene expression levels of HSP60 were significantly higher at 6 h than at 0, 3, 12,
and 24 h (p < 0.05) (Figure 2B). Interestingly, the gene expression level of HSP47 was significantly
up-regulated at 6 h and high levels of HSP47 expression were maintained until 12 h (Figure 2C).
The expression levels of all three genes (HSP70, HSP60, and HSP47) in the jejunum on acute heat stress
(3, 6, 12, 24 h) were significantly higher than that in the control group (p < 0.05).

The gene expression levels of HSP70 in the ileum were significantly up-regulated at 3 h with
acute heat stress and the up-regulated HSP levels were maintained until 12 h, with acute heat stress
(p < 0.05) (Figure 3A). The gene expression levels of HSP60 gradually increased after 3 h and were at
their highest at 6 h (Figure 3B). The gene expression levels of HSP47 were significantly higher at 6 h
than at 0, 12, and 24 h (Figure 3C).
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Figure 2. The mRNA expression of the heat shock proteins in the jejunum of chickens exposed to acute
heat stress for different durations of time (n = 8). The mean relative expression of HSP70 (A), HSP60 (B),
and HSP47 (C). A–E HSP70, HSP60, and HSP47 in the columns with different superscript letters differ
significantly (p < 0.05) among the different heat exposure durations.

Figure 3. The mRNA expression of the heat shock proteins in the ileum of chickens exposed to acute
heat stress for different durations of time (n = 8). The mean relative expression of HSP70 (A), HSP60 (B),
and HSP47 (C). A–D HSP70,HSP60, and HSP47 in the columns with different superscript letters differ
significantly (p < 0.05) among the different heat exposure durations.
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3.2. Effect of Acute Heat Stress on the Protein Expression Levels of the HSPs

We conducted Western blotting for analysis of HSP protein levels in small intestine on acute
heat stress. The protein expression levels of HSP70 and HSP60 in the duodenum were significantly
up-regulated (p < 0.05) at 6 h (Figure 4A,B), and reduced after 6 h. However, the protein expression
levels of HSP47 were significantly up-regulated at 3 h (Figure 4C). Remarkably, the expression levels of
HSP47 were reduced after 6 h, and low protein expression levels were maintained until 24 h (Figure 4C).
Figure 4D showed the results of Western blotting band analysis (Figure 4D). Overall, the expression
levels of the three HSPs in the acute heat stress groups were significantly higher than that in the
control group.

Figure 4. The expression of the heat shock proteins in the duodenum of chickens exposed to acute heat
stress for different durations of time (n = 8). The mean relative expression of HSP70 (A), HSP60 (B),
and HSP47 (C). (D) Western blot analysis results. A–D HSP70, HSP60, and HSP47 in the columns with the
different superscript letters differ significantly (p < 0.05) among the different heat exposure durations.

The protein expression levels of HSP70, HSP60, and HSP47 in the jejunum were significantly
higher after 6 h of acute heat stress treatment than at the other time-points (p < 0.05) (Figure 5A–C).
Figure 5D showed the results of Western blotting band for HSP70, HSP60, and HSP47 in the jejunum.
The expression levels of HSP70 were significantly up-regulated (p < 0.05) at 6, 12, and 24 h (Figure 5A).
The expression levels of HSP60 and HSP47 in the groups of acute heat stress were significantly higher
than that in the control group.

The expression levels of HSP70, HSP60, and HSP47 significantly increased at the early time points
(3 h, 6 h) of acute heat stress (p < 0.05) (Figure 6A–D). The protein expression levels of HSP70 and
HSP60 were significantly higher (p < 0.05) at 12 h than at 0, 3, 6, and 24 h (Figure 6A,B). The expression
level of HSP47 was significantly higher at 3 h than at 0, 6, 12, and 24 h (Figure 6C). Figure 6D showed
the results of the Western blotting data.
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Figure 5. The protein expression of the heat shock proteins in the jejunum of chickens exposed to
acute heat stress for different durations of time (n = 8). The mean relative expression of HSP70 (A),
HSP60 (B), and HSP47 (C). (D) Western blot analysis results. A–E HSP70, HSP60, and HSP47 in the
columns with the different superscript letters differ significantly (p < 0.05) among the different heat
exposure durations.

Figure 6. The protein expression of the heat shock proteins in the ileum of chickens exposed to acute
heat stress for different durations of time (n = 8). The mean relative expression of HSP70 (A), HSP60 (B),
and HSP47 (C). (D) Western blot analysis results. A–C HSP70, HSP60, and HSP47 in the columns with the
different superscript letters differ significantly (p < 0.05) among the different heat exposure durations.
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3.3. Effect of Acute Heat Stress on the Levels of SGPT and SGOT

The SGPT and SGOT levels are shown in Figure 7A,B. The levels of SGPT were significantly
up-regulated after 12 h of acute heat stress (p < 0.05). The expression levels of SGOT were significantly
higher (p < 0.05) at 24 h than at 0, 3, 6, and 12 h (Figure 7B).

Figure 7. Effect of acute heat stress on the levels of serum glutamate pyruvate transaminase (SGPT; (A))
and serum glutamate oxaloacetate transaminase (SGOT; (B)) in chickens (n = 8). A,B SGPT and SGOT
in the columns with the different superscript letters differ significantly (p < 0.05) among the different
heat exposure durations.

4. Discussion

Acute heat stress is a non-specific stress that affects livestock, especially chickens, resulting in
poor productivity and death. In response to acute heat stress, several metabolic [25] and enzymatic
changes were found in the plasma of chicken [26]. The SGPT and SGOT enzymes are predominantly
expressed in the liver and at low levels in muscle cells. These enzymes enter the bloodstream and
exist at a high level in the damaged liver. The SGPT enzyme catalyzes the transformation of proteins
to produce energy in liver cells. The function of the SGOT enzyme is involved in the metabolism of
amino acids. Previous study reported that human bloods contained elevated levels of SGPT and SGOT
enzymes, upon exposure to temperatures of 41.6 ◦C and 42 ◦C, respectively [27]. The levels of SGPT
and SGOT in dogs were also increased upon exposure to high temperatures [28]. A study on heat
stress reported that heat stress damaged hepatic cells in liver, increased the levels of SGPT and SGOT
in blood [29], and changed liver parenchymal cells [30]. In the present study, the blood in chickens
exposed to acute heat stress contained high levels of SGPT and SGOT than that in the control group
(Figure 7). The acute injury of liver affects intestinal homeostasis. It was reported that the injury of
liver affected the integrity of the intestine [31]. Moreover, these results indicated that the hepatic cells
were damaged and parenchymal cells were modified upon exposure to acute heat stress.

The HSPs are a family of proteins, expressed in all organisms under stress conditions.
The expression levels of HSPs indicate the heat stress level and stress tolerance capacity. The HSP
proteins are classified into four families—small HSPs, HSP60, HSP70, and HSP90 [32]. A study on the
HSP70 protein was reported and its function and properties were reported. The HSP70 promotes the
correct folding of nascent and misfolded proteins. In stress conditions, HSP70 protects the damage
of the cell [33,34] by enhancing protein expression [35–37]. The production of HSP70 is promoted by
heat stress in various tissues, such as the brain, liver, lung, heart, and leukocytes [38,39]. Moreover,
the HSP70 protects the GI epithelium, promotes the absorption and metabolism of nutrients [32–34],
and exhibits an antioxidant effect [40,41]. Additionally, the HSP70 accelerates the healing in damaged
tissues or cells, by inducing cell proliferation and protein synthesis [42]. Our results demonstrated
that the protein expression levels of HSP70 were significantly increased in the duodenum, jejunum,
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and ileum of chickens, under acute heat stress. The groups of acute heat stress exhibited higher levels
of HSP70 mRNA in the small intestine (except in the duodenum) than the control group at 12 and 24 h.
In contrast, the protein expression levels of HSP70 in groups of acute heat stress were reduced at the
end of the experiment, compared to that in the control group. Previous studies also demonstrated
that the protein expression of HSP70 was increased in the ileum and jejunum of rats and chickens,
and there was no change of expression in the duodenum [43,44].

The HSP60 exists in all types of organisms and promotes the folding, translocation, and assembly
of native proteins. The HSP60 functions as a molecular chaperone and is involved in the activity
of other chaperones [45]. Notably, HSP60 binds to unfolded protein molecules, promotes protein
folding, and consequently prevents protein aggregation [46]. Therefore, the gene expression of HSP60
in different tissues is dependent on stress conditions [47]. The study of HSP60 showed that the
gene expression of HSP60 was enhanced under heat stress conditions and decreased after reaching
a peak [48]. This study demonstrated that the protein and mRNA expression levels of HSP60 in the
ileum, jejunum, and the duodenum of the treatment groups were significantly higher than that of the
control group. The jejunal and duodenal protein levels of HSP60 in the treatment groups decreased
gradually, compared to that in the control group at the end of the experiment.

The protein and mRNA levels of HSP47 in the duodenum, jejunum, and ileum were upregulated
after the chickens were exposed to acute heat stress for different durations of time. The protein and
gene expression of HSP47 varied in the different sections of the chicken small intestine. The protein and
mRNA expression levels of HSP47 were markedly increased upon short-term exposure on heat stress
and reduced upon prolonged exposure on acute heat stress. Moreover, the treatment groups exhibited
a marked decline in the protein expression of HSP47 in the jejunum, compared to the control group
at the end of the experiment. The HSP47 contributed to the quality control of collagens in the small
intestine of chicken in heat stress conditions. Generally, heat stress increases intestinal permeability
by disrupting the intestinal integrity [49]. Tang and colleagues reported that the gene expression of
HSP47 in the kidneys of chickens was increased upon short-term exposure to heat stress, and reduced
when the chickens were exposed to heat stress for more than 5 h [50]. This result indicated that the
expression of HSPs was decreased by enhanced heat tolerance capacity after a certain period of heat
stress. Generally, mRNA is translated into protein. However, protein expression and gene expression
are unrelated, because the levels of proteins can be changed through mRNA turnover [51]. Therefore,
proteins and genes did not show the same expression level in this study, although their expression
trend was almost the same. This trend of expression indicates that short-term heat stress induces the
production of HSPs that contribute to the restoration of normal cell function, which is reflected by the
reduction of the gene expression of HSPs in the later stages of acute heat stress [52].

5. Conclusions

Our findings suggest that acute heat stress damages the integrity of the different sections of the
small intestine in chickens. The gene and protein expression of HSP70, HSP60, and HSP47 in the
different sections of the small intestine of chickens, changes according to the duration of acute heat stress.
After a certain period of heat exposure, chickens get heat tolerance capacity, which might decrease the
HSPs expression levels. Further studies are needed to elucidate the exact mechanism involved.

Author Contributions: Conceived and designed this study: K.S.; performed the experiments: S.H.S., D.K., and J.P.;
analyzed the data: S.H.S.; and manuscript writing: S.H.S., H.W.C., and K.S. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program, through the National Research
Foundation of Korea (NRF), funded by the Ministry of Education (Project No. 2020R1I1A3A04038058).

Acknowledgments: The authors would like to extend their gratitude to Jang-Ock Cha, Sivakumar Allur
Subramaniyan, and Mousumee Khan (Jeonbuk National University, Republic of Korea) for their assistance.
We would like to thank ‘Editage’ (www.editage.co.kr) and ‘MDPI English Editing’ (www.mdpi.com/authors/
English) for the English language editing.

www.editage.co.kr
www.mdpi.com/authors/English
www.mdpi.com/authors/English


Animals 2020, 10, 1234 11 of 13

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Lara, L.J.; Rostagno, M.H. Impact of heat stress on poultry production. Animals 2013, 3, 356–369. [CrossRef]
2. Mignon-Grasteau, S.; Moreri, U.; Narcy, A.; Rousseau, X.; Rodenburg, T.B.; Tixier-Boichard, M.; Zerjal, T.

Robustness to chronic heat stress in laying hens: A meta-analysis. Poult. Sci. 2015, 94, 586–600. [CrossRef]
3. Deyhim, F.; Teeter, R.G. Research note: Sodium and potassium chloride drinking water supplementation

effects on acid-base balance and plasma corticosterone in broilers reared in thermoneutral and heat-distressed
environments. Poult. Sci. 1991, 70, 2551–2553. [CrossRef] [PubMed]

4. Amrutkar, S.A.; Saxena, V.K.; Tomar, S. Influence of different tropical stress conditions on biochemical
parameters in various broiler strains. Indian J. Anim. Res. 2016, 50, 945–955. [CrossRef]

5. Hosseinivashan, S.J.; Golian, A.; Yaghobfar, A. Growth immune, antioxidant, and bone responses of heat
stress-exposed broilers fed diets supplemented with tomato pomace. Int. J. Biometeorol. 2016, 60, 1183–1192.
[CrossRef] [PubMed]

6. Wan, X.; Jiang, L.; Zhong, H.; Lu, Y.; Zhang, L.; Wang, T. Effects of enzymatically treated Artemisia annua L.
on growth performance and some blood parameters of broilers exposed to heat stress. Anim. Sci. J. 2017, 88,
1239–1246. [CrossRef] [PubMed]

7. Ferket, P.R.; Gernat, A.G. Factors that affect feed intake of meat birds: A review. Int. J. Poult. Sci. 2006, 5,
905–911.

8. Howlider, M.A.R.; Rose, S.P. Temperature and growth of broilers. World’s Poult. Sci. J. 1987, 43, 228–237.
[CrossRef]

9. Fulda, S.; Gorman, A.M.; Hori, O.; Samali, A. Cellular stress responses: Cell survival and cell death. Int. J.
Cell Biol. 2010, 2010. [CrossRef] [PubMed]

10. Takayama, S.; Reed, J.C.; Homma, S. Heat-shock proteins as regulators of apoptosis. Oncogene 2003, 22,
9041–9047. [CrossRef]

11. Al-Aqil, A.; Zulkifli, I. Changes in heat shock protein 70 expression and blood characteristics in transported
broiler chickens as affected by housing and early age feed restriction. Poult. Sci. 2009, 88, 1358–1364.
[CrossRef] [PubMed]

12. Gabai, V.L.; Meriin, A.B.; Mosser, D.D.; Caron, A.W.; Rits, S.; Shifrin, V.I.; Sherman, M.Y. HSP70 prevents
activation of stress kinase—A novel pathway of cellular thermotolerance. J. Biol. Chem. 1997, 272, 18033–18037.
[CrossRef] [PubMed]

13. Pirkkala, L.; Nykanen, P.; Sistonen, L. Roles of the heat shock transcription factors in regulation of the heat
shock response and beyond. FASEB J. 2001, 15, 1118–1131. [CrossRef]

14. Jonsson, H.; Schiedek, D.; Goksøyr, A.; Grøsvik, B.E. Expression of cytoskeletal proteins, cross-reacting with
antiCYP1A, in Mytilus sp. exposed to organic contaminants. Aquat. Toxicol. 2006, 78, S42–S48. [CrossRef]
[PubMed]

15. Ohashi, K.; Burkart, V.; Flohè, S.; Kolb, H. Cutting edge: Heat shock protein 60 is a putative endogenous
ligand of the Toll-like receptor-4 complex. J. Immunol. 2000, 164, 558–561. [CrossRef]

16. Taguchi, T.; Nazneen, A.; Al-Shihri, A.A.; Turkistani, K.A.; Razzaque, M.S. Heat shock protein 47: A novel
biomarker of phenotypically altered collagen-producing cells. Acta Histochem. Cytochem. 2011, 44, 35–41.
[CrossRef]

17. Miyaishi, O.; Ito, Y.; Kozaki, K.; Sato, T.; Takechi, H.; Nagata, K.; Saga, S. Agerelated attenuation of HSP47
heat response in fibroblasts. Mech. Ageing Dev. 1995, 77, 213–226. [CrossRef]

18. Mott, C.R.; Siegel, P.B.; Webb, K.E., Jr.; Wong, E.A. Gene expression of nutrient transporters in the small
intestine of chickens from lines divergently selected for high or low juvenile body weight. Poult. Sci. 2008,
87, 2215–2224. [CrossRef]

19. Burkholder, K.M.; Thompson, K.L.; Einstein, M.E.; Applegate, T.J.; Patterson, J.A. Influence of stressors on
normal intestinal microbiota, intestinal morphology, and susceptibility to Salmonella Enteritidis colonization
in broilers. Poult. Sci. 2008, 87, 1734–1741. [CrossRef]

http://dx.doi.org/10.3390/ani3020356
http://dx.doi.org/10.3382/ps/pev028
http://dx.doi.org/10.3382/ps.0702551
http://www.ncbi.nlm.nih.gov/pubmed/1784578
http://dx.doi.org/10.18805/ijar.8562
http://dx.doi.org/10.1007/s00484-015-1112-9
http://www.ncbi.nlm.nih.gov/pubmed/26589827
http://dx.doi.org/10.1111/asj.12766
http://www.ncbi.nlm.nih.gov/pubmed/28052518
http://dx.doi.org/10.1079/WPS19870015
http://dx.doi.org/10.1155/2010/214074
http://www.ncbi.nlm.nih.gov/pubmed/20182529
http://dx.doi.org/10.1038/sj.onc.1207114
http://dx.doi.org/10.3382/ps.2008-00554
http://www.ncbi.nlm.nih.gov/pubmed/19531704
http://dx.doi.org/10.1074/jbc.272.29.18033
http://www.ncbi.nlm.nih.gov/pubmed/9218432
http://dx.doi.org/10.1096/fj00-0294rev
http://dx.doi.org/10.1016/j.aquatox.2006.02.014
http://www.ncbi.nlm.nih.gov/pubmed/16581143
http://dx.doi.org/10.4049/jimmunol.164.2.558
http://dx.doi.org/10.1267/ahc.11001
http://dx.doi.org/10.1016/0047-6374(94)01517-P
http://dx.doi.org/10.3382/ps.2008-00101
http://dx.doi.org/10.3382/ps.2008-00107


Animals 2020, 10, 1234 12 of 13

20. Quinteiro-Filho, W.M.; Ribeiro, A.; Ferraz-de-Paula, V.; Pinheiro, M.L.; Sakai, M.; Sá, L.R.; Ferreira, A.J.;
Palermo-Neto, J. Heat stress impairs performance parameters, induces intestinal injury, and decreases
macrophage activity in broiler chickens. Poult. Sci. 2010, 89, 1905–1914. [CrossRef] [PubMed]

21. Ren, H.; Musch, M.W.; Kojima, K.; Boone, D.; Ma, A.; Chang, E.B. Short fatty acids induce intestinal epithelial
heat shock protein 25 and IEC18 cells. Gastroenterology 2001, 121, 631–639. [CrossRef] [PubMed]

22. Ohkawara, T.; Nishihira, J.; Takeda, H.; Katsurada, T.; Kato, K.; Yoshiki, T.; Sugiyama, T.; Asaka, M. Protective
effect of geranylgeranylacetone on trinitrobenzene sulfonic acid-induced colitis in mice. Int. J. Mol. Med.
2006, 17, 229–234. [CrossRef] [PubMed]

23. Tchernitchko, D.; Bourgeois, M.; Martin, M.E.; Beaumont, C. Expression of the two mRNA isoforms of the
iron transporter Nramp2/DMT1 in mice and function of the iron responsive element. Biochem. J. 2002, 363,
449–455. [CrossRef] [PubMed]

24. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real time quantitative PCR and
the 2−∆∆C

T method. Methods 2001, 25, 402–408. [CrossRef]
25. Gonzalez-Esquerra, R.; Leeson, S. Physiological and metabolic responses of broilers to heat stress: Implications

for protein and acid nutrition. World’s Poult. Sci. J. 2006, 62, 282–295. [CrossRef]
26. Bogin, E.; Avidar, Y.; Pech-Waffenschmidt, V.; Doron, Y.; Israeli, E.; Kevkhayev, E. The relationship between

heat stress, survivability and blood composition of the domestic chicken. Eur. J. Clin. Chem. Clin. Biochem.
1996, 34, 463–469. [CrossRef]

27. Bynum, G.D.; Pandolf, K.B.; Schuette, W.H.; Goldman, R.F.; Lees, D.E.; Whang-Peng, J.; Atkinson, E.R.;
Bull, J.M. Induced hyperthermia in sedated humans and the concept of critical thermal maximum.
Am. J. Physiol. 1978, 235, 228–236. [CrossRef] [PubMed]

28. Spurr, G.B. Serum enzymes following repetitive hyperthermia. Proc. Soc. Exp. Biol. Med. 1972, 139, 698–700.
[CrossRef] [PubMed]

29. Das, A. Heat stress-induced hepatotoxicity and its prevention by resveratrol in rats. Toxicol. Mech. Methods
2011, 21, 393–399. [CrossRef] [PubMed]

30. Kim, M.S.; Lee, H.K.; Kim, S.Y.; Cho, J.H. Analysis of the relationship between liver regeneration rate and
blood levels. Pak. J. Med. Sci. 2015, 31, 31–36. [CrossRef] [PubMed]

31. Schnabl, B. Linking intestinal homeostasis and liver disease. Curr. Opin. Gastroenterol. 2013, 29, 264–270.
[CrossRef] [PubMed]

32. Watanabe, D.; Otaka, M.; Mikami, K.; Yoneyama, K.; Goto, T.; Miura, K.; Ohshima, S.; Lin, J.G.; Shibuya, T.;
Segawa, D. Expression of a 72-kDa heat shock protein, and its cytoprotective function, in gastric mucosa in
cirrhotic rats. J. Gastroenterol. 2004, 39, 724–733. [CrossRef] [PubMed]

33. Oyake, J.; Otaka, M.; Matsuhashi, T.; Jin, M.; Odashima, M.; Komatsu, K.; Wada, I.; Horikawa, Y.;
Ohba, R.; Hatakeyama, N.; et al. Over-expression of 70-kDa heat shock protein confers protection against
monochloramine-induced gastric mucosal cell injury. Life Sci. 2006, 79, 300–305. [CrossRef]

34. Zhong, X.; Wang, T.; Zhang, X.; Li, W. Heat shock protein 70 is upregulated in the intestine of intrauterine
growth retardation piglets. Cell Stress Chaperones 2010, 15, 335–342. [CrossRef] [PubMed]

35. Ogura, Y.; Naito, H.; Tsurukawa, T.; Ichinoseki-Sekine, N.; Saga, N.; Sugiura, T.; Katamoto, S. Microwave
hyperthermia treatment increases heat shock proteins in human skeletal muscle. Br. J. Sports Med. 2007, 41,
453–455. [CrossRef]

36. Loc, N.H.; Macrae, T.H.; Musa, N.; Bin Abdullah, M.D.; Abdul Wahid, M.E.; Sung, Y.Y. Non-lethal heat
shock increased Hsp70 and immune protein transcripts but not Vibrio tolerance in the white-leg shrimp.
PLoS ONE 2013, 8, e73199.

37. Achary, B.G.; Campbell, K.M.; Co, I.S.; Gilmour, D.S. RNAi screen in Drosophila larvae identifies
histone deacetylase 3 as a positive regulator of the hsp70 heat shock gene expression during heat shock.
Biochim. Biophys. Acta 2014, 1839, 355–363. [CrossRef]

38. Zulkifli, I.; Che Norma, M.T.; Israf, D.A.; Omar, A.R. The effect of early-age food restriction on heat shock
protein 70 response in heat-stressed female broiler chickens. Br. Poult. Sci. 2002, 43, 141–145. [CrossRef]

39. Zhen, F.S.; Du, H.L.; Xu, H.P.; Luo, Q.B.; Zhang, X.Q. Tissue and allelic-specific expression of hsp70 gene
in chickens: Basal and heat-stress-induced mRNA level quantified with realtime reverse transcriptase
polymerase chain reaction. Br. Poult. Sci. 2006, 47, 449–455. [CrossRef]

http://dx.doi.org/10.3382/ps.2010-00812
http://www.ncbi.nlm.nih.gov/pubmed/20709975
http://dx.doi.org/10.1053/gast.2001.27028
http://www.ncbi.nlm.nih.gov/pubmed/11522747
http://dx.doi.org/10.3892/ijmm.17.2.229
http://www.ncbi.nlm.nih.gov/pubmed/16391820
http://dx.doi.org/10.1042/bj3630449
http://www.ncbi.nlm.nih.gov/pubmed/11964145
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1079/WPS200597
http://dx.doi.org/10.1515/cclm.1996.34.6.463
http://dx.doi.org/10.1152/ajpregu.1978.235.5.R228
http://www.ncbi.nlm.nih.gov/pubmed/727284
http://dx.doi.org/10.3181/00379727-139-36218
http://www.ncbi.nlm.nih.gov/pubmed/5059066
http://dx.doi.org/10.3109/15376516.2010.550016
http://www.ncbi.nlm.nih.gov/pubmed/21426263
http://dx.doi.org/10.12669/pjms.311.5864
http://www.ncbi.nlm.nih.gov/pubmed/25878610
http://dx.doi.org/10.1097/MOG.0b013e32835ff948
http://www.ncbi.nlm.nih.gov/pubmed/23493073
http://dx.doi.org/10.1007/s00535-003-1380-8
http://www.ncbi.nlm.nih.gov/pubmed/15338365
http://dx.doi.org/10.1016/j.lfs.2006.01.013
http://dx.doi.org/10.1007/s12192-009-0148-3
http://www.ncbi.nlm.nih.gov/pubmed/19830596
http://dx.doi.org/10.1136/bjsm.2006.032938
http://dx.doi.org/10.1016/j.bbagrm.2014.02.018
http://dx.doi.org/10.1080/00071660120109953
http://dx.doi.org/10.1080/00071660600827690


Animals 2020, 10, 1234 13 of 13

40. Hao, Y.; Gu, X.H.; Wang, X.L. Overexpression of heat shock protein 70 and its relationship to intestine under
acute heat stress in broilers: 1. Intestinal structure and digestive function. Poult. Sci. 2012, 91, 781–789.
[CrossRef]

41. Gu, X.H.; Hao, Y.; Wang, X.L. Overexpression of heat shock protein 70 and its relationship to intestine under
acute heat stress in broilers: 2. Intestinal oxidative stress. Poult. Sci. 2012, 91, 790–799. [PubMed]

42. Pierzchalski, P.; Krawiec, A.; Ptak-Belowska, A.; Barańska, A.; Konturek, S.J.; Pawlik, W.W. The mechanism
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