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ABSTRACT In this study, the aim was to investigate
effects of chronic heat stress (CHS) on the mRNA levels
of proinflammatory cytokines (interleukin [IL]-6, IL-8,
IL-1b, and tumor necrosis factor alpha [TNF-a]), toll-
like receptors (TLR2 and TLR4), heat shock proteins
(Hsp70, heat shock transcription factor [HSF]-1, and
HSF3) and antioxidant enzymes (catalase, glutathione
peroxidase, NADPH oxidase, and superoxide-
dismutase) in the jejunal mucosae of broiler chickens
subjected to thermal manipulation (TM) during
embryogenesis. TM was carried out at 39�C and 65%
relative humidity (RH) for 18 h daily from embryonic
days 10 to 18. Control group was incubated at 37.8�C
and 56% RH. CHS was induced by raising the temper-
ature to 35�C for 7 D throughout posthatch days 28 to
35. On post-hatch-day 28 (day zero of CHS) and after 1,
3, 5, and 7 D of CHS, the jejunal mucosae were collected
from both groups to evaluate the mRNA levels by real-
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time reverse transcription-PCR analysis. On day zero
of CHS, themRNA levels of antioxidant enzymes, TLRs,
HSF3, IL-1b, and TNF-awere not significantly different
between TM and control groups, while the levels of IL-6,
IL-8, and HSF1 were lower and the level of Hsp70 was
higher in TM. However, during CHS, the mRNA levels
of antioxidant enzymes, IL-1b, TNF-a, TLR4, and
HSF1 were significantly lower in TM than in controls,
while the levels of TLR2 and IL-8 were significantly
higher in TM than in controls. In addition, TM led to
significant increase of mRNA levels of IL-6 and HSF3
after 1 D and Hsp70 after 3 D of CHS and to significant
decrease of mRNA levels of IL-6 after 3 and 5 D, HSF3
after 7 D, and Hsp70 after 5 D of CHS. Results of this
study suggest that TM led to altered posthatch antiox-
idant, immunological, and Hsp response to CHS in the
jejunal mucosae of broiler chickens, probably indicating
that TM may mitigate the adverse effects of CHS.
Key words: thermal manipulation, chronic heat
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INTRODUCTION

In the recent decades, the modern meat-type broiler
chicken breeds, Gallus gallus domesticus, had been
selected for commercial purposes, such as fast-growth
and rapid meat mass production (Havenstein et al.,
2003). This broiler chicken breeds have higher meta-
bolic rates than their predecessors, resulting in
increased body heat production, which increases the
severity of heat stress under high environmental tem-
peratures (Settar et al., 1999; Quinteiro-Filho et al.,
2010). Heat stress has a significant impact on the
systems of broiler chickens’ bodies because it severely
affected the growth, metabolism, digestive system,
and the general physiology of the birds (Lara and
Rostagno, 2013) and caused changes in the proportions
of circulating leucocyte components and blood chemis-
try (Abbas et al., 2017). Heat stress may lead to intes-
tinal damage because it was reported to decrease jejunal
weight and length, villus height, and increase intestinal
crypt depth in broilers (Garriga et al., 2006; Quinteiro-
Filho et al., 2010; Song et al., 2014; Abdelqader and Al-
Fataftah, 2016; He et al., 2018). Moreover, heat stress
affects the activities of digestive enzymes and reduces
the digestibility of carbohydrates, lipids, and proteins
(Hai et al., 2000; Routman et al., 2003; de Souza
et al., 2016; Yi et al., 2016; Song et al., 2017;
Xiaofang et al., 2018).

Heat stress induces inflammatory response and oxida-
tive stress and increases the expression of several heat
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shock proteins (HSP) in the tissues of broiler chickens
(Altan et al., 2000; Altan et al., 2003; Mujahid et al.,
2005; Lin et al., 2006; Yang et al., 2010; Lara and
Rostagno, 2013; Huang et al., 2015). HSP are
upregulated in the cells exposed to any stress
conditions (Kregel, 2002). HSP upregulation is a normal
response to protect the cells and cellular proteins during
the exposure to heat and other stress factors (Fulda
et al., 2010). One of the most studied HSP is the
Hsp70, which is very important for cellular viability dur-
ing stressful environments (Song and King, 2015). HSP
expression is induced by heat shock transcription factors
(HSF), such as HSF1 and HSF3 (Morimoto, 1998). On
the other hand, the inflammatory response can be
induced by the increased levels of low-molecular-weight
signaling proteins called proinflammatory cytokines,
such as IL-1b, IL-8, IL-6, and tumor necrosis factor alpha
(TNF-a) (Kaiser and St€aheli, 2014). The proinflamma-
tory cytokines are produced during stressful conditions
and are very important to regulate the acute phase
response, which is an innate response that regenerate
injured tissues (Kushner, 1993). Heat stress was also
found to increase the expression of toll-like receptor 4,
a pathogen recognition receptor that is an important
protein in the innate immunity (Huang, 2017).

Heat stress leads to high levels of reactive oxygen spe-
cies (ROS). This induced oxidative stress alter the activ-
ity of several antioxidant enzymes (Ray et al., 2012).
NADPH oxidase (NOX) is a membrane-bound protein
complex that works as an oxygen sensor (Kirkman and
Gaetani, 1984). The main activity of NOX is to transfer
electrons to oxygen molecules from NADPH, which re-
sults in (O22) superoxide production (Kirkman and
Gaetani, 1984). The produced O22 superoxide is then
transformed to the molecular oxygen (O2) or to
hydrogen peroxide (H2O2), and this reaction is catalyzed
by superoxide-dismutase (SOD) (Surai, 2015; Ighodaro
and Akinloye, 2017). Finally, the produced H2O2 is
transformed to O2 and water molecule through
catalase and glutathione peroxidase (GPX) enzymes
(Dunning et al., 2013). Several studies have shown
that heat stress increased the activities and mRNA levels
of the antioxidant enzymes (NOX, SOD, catalase, and
GPX) in broiler chickens (Altan et al., 2003; Lin et al.,
2006; Yang et al., 2010; Huang et al., 2015; Kikusato
et al., 2015; Rimoldi et al., 2015; Del Vesco et al., 2017).

Thermal manipulation (TM) during broiler embryo-
genesis, by increasing or decreasing the incubation tem-
perature, was suggested to enhance heat tolerance
during posthatch life (Piestun et al., 2008; Molenaar
et al., 2010; Al-Zghoul et al., 2013, 2015b; Al-Rukibat
et al., 2017). Heat-tolerance improvement was achieved
by the modulation of thyroid hormones, which are major
players in the basal metabolic rate regulation, and HSP
levels (Al-Zghoul et al., 2013; Al-Zghoul et al., 2015a;
2015b; 2015c; Al-Rukibat et al., 2017). Previously, TM
was reported to increase Hsp70, HSF3, IL-1b, TNF-a,
IL-6, TLR2, and TLR4 and to decrease catalase, GPX,
SOD, and NOX expression in broiler chickens during
acute heat stress (Al-Zghoul et al., 2018; 2019). During
chronic heat stress, chickens subjected to TM had
higher SOD activity and glutathione levels and lower
levels of lipid peroxidation (Vinoth et al., 2015).
Furthermore, Vinoth et al. (2015) reported that layer
breeders that were subjected to TM possessed higher
nonenzymatic antioxidants activity in their semen.
The effect of TM on the status of oxidative stress, im-

mune, and heat shock genes during posthatch exposure
to acute heat stress had been evaluated. However, the ef-
fect of posthatch chronic heat stress on the expression of
antioxidant enzymes and inflammatory and heat shock
genes in thermally manipulated broiler chickens is not
clear. Thus, the primary objective of the present study
is to evaluate the impacts of chronic heat stress on the
mRNA levels of HSP (Hsp70, HSF1, and HSF3), proin-
flammatory cytokines (IL-6, IL-8, IL-1b, and TNF-a),
toll-like receptors (TLR) 2 and 4, and antioxidant en-
zymes (NOX, GPX, SOD, and catalase) in broiler
chickens subjected to TM.
MATERIALS AND METHODS

All experiment procedures were approved by Jordan
University of Science and Technology’s Animal Care
and Use Committee (JUST-ACUC).
Experimental Population and Incubation

Six hundred fertile eggs from a Cobb breeder were pur-
chased from certified suppliers in Madaba, Jordan. The
procured eggs were checked for any breakage, and
abnormal eggs were excluded. The proper eggs were
incubated using commercial Type-I HS-SF incubators
(Barcelona, Spain). The eggs were divided into 2 treat-
ment groups: the control group and the thermally
manipulated (TM) group. The eggs of the control group
were kept under the standard incubation conditions
(37.8�C and 56% relative humidity [RH]) throughout
the incubation period, whereas those of the TM group
were exposed to cyclic increased incubation temperature
at 39�C and 65% RH for 18 h/D from ED 10 to 18.
Through candling, the eggs were checked to remove
the infertile eggs and the eggs containing dead embryos
on the seventh day of incubation.
Hatching Management and Rearing

On the hatching day, the hatched chicks were kept un-
til feather drying, then the 1-day old chicks were trans-
ferred to JUST Animal House where the rearing and
chronic heat stress were carried out. The chicks were
randomly distributed into groups of tens per each cage
pen. The chicks were kept under 33�C 6 1�C room tem-
perature during the first week, then the room tempera-
ture was gradually lowered to 24�C by the end of the
third week. During the posthatch days 24 to 35, the
room temperature was maintained at 21�C. During the
whole field experiment period, water and feed were pro-
vided to the chicks ad libitum. The chicks were provided
with Newcastle disease vaccine on posthatch days 8 and
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20 and infectious bursal disease vaccine on posthatch
day 15.
Chronic Heat Stress and Samples
Collection

On the posthatch day 28, 80 chickens were randomly
selected from TM and control groups and transported
to a new room where the chronic heat stress was
achieved. CHS was carried out by rising the room tem-
perature to 35�C for a duration of 7 D. After 0, 1, 3, 5,
and 7 D of CHS, 5 chicks were randomly chosen from
each treatment group and humanely euthanized. Jejunal
mucosae samples were collected in tubes filled with TRI
Reagent (Zymo Research, Irvine, CA) and snap-frozen
using liquid nitrogen. Then, the frozen jejunal mucosae
samples were transported to the laboratory and stored
at 280�C for subsequent molecular analysis.
RNA Extraction and cDNA Synthesis

Total RNA was extracted from jejunal mucosae sam-
ples using Direct-Zol RNA MiniPrep (Zymo Research,
Irvine, CA) with TRI Reagent (Zymo Research, Irvine,
CA) according to manufacturer procedure. Using Biotek
PowerWave XS2 Spectrophotometer (BioTek Instru-
ments, Inc., Winooski, VR), RNA concentrations were
measured. From each sample, 2 mg of total RNA were
used in the reverse transcription reaction using the Su-
perScript IV VILO Master Mix (Invitrogen, Thermo
Fisher Scientific, Wilmington, DE).
Real-Time Quantitative Reverse
Transcription-PCR Analysis and Relative
mRNA Quantitation

The real-time quantitative reverse transcription-PCR
analysis was carried out using QuantiFast SYBR Green
PCR Kit (Qiagen Corp., Valencia, CA) on a Rotor-Gene
QMDx 5 plex instrument (Qiagen Corp., Valencia, CA).
Briefly, the 20-mL reaction mix was prepared using 10 mL
of master mix, 1.2 mL of forward primer (12 pmol),
1.2 mL of reverse primer (12 pmol), 1 mL of sample
cDNA, and 6.6 mL of nuclease-free water. The parame-
ters of PCR cycles included the following phases: hold
at 95�C for 5 min—40 cycles at 95�C for 10 s followed
by 30 s at 55�C and 72�C for 10 s—with final melting
at 95�C for 20 s. Detection of fluorescence emission
occurred during the extension step. The 28S ribosomal
RNA and glyceraldehyde-3-phosphate dehydrogenase
were used as internal controls to which the fold changes
in gene expression were normalized. Triplicates
from each cDNA library were analyzed, and the single
target amplification specificity was approved by the
melting curve. Relative quantitation was calculated
automatically.
The primer sequences that were used in this study are

28S rRNA; F-(50-CCTGAATCCCGAGGTTAACTA
TT-30) and R-(50-GAGGTGCGGCTTATCATCTAT
C-30), GAPDG; F-(50-ACTGTCAAGGCTGAGAAC
GG-30) and R-(50-CATTTGATGTTGCTGGGGTC-
30), IL-1b; F-(50-GGGCATCAAGGGCTACAA-30) and
R-(50-CTGTCCAGGCGGTAGAAGA-30), IL-6; F-(50-G
CGAGAACAGCATGGAGATG-30) and R-(50-GTAGG
TCTGAAAGGCGAACAG-30), IL-8; F-(50-CTGCGGT
GCCAGTGCAT TA-30) and R-(50-AGCACACCTCTC
TTCCATCC-30), TNF-a; F-(50-GACAGCCTATGCCA
ACAAGTA-30) and R-(50-GAATTAAGCAACAG CC
AGCTATG-30), TLR2; F-(50-AACCCACA GTTCTCC
ATCATC-30) and R-(50-TTTCAGA CTTCCAGGCTC
ATAC-30), TLR4; F-(50-GG AGTTGAGAGTGCTTC
GTATTA-30) and R-(50-AGCAGGTAAGGAAGGAGA
GA-30), GPX; F-(50-GATTACACCCAG CTCAACCA-
30) and R-(50-GCTTGAGGC A GTTGAGGAT-30), su-
peroxide dismutase; F-(50-CTGACCTGCCTTACGAC-
TATG-30) and R-(50-CGCCTCTTTGTATTTCTCCT
CT-30), NOX; F-(50-CCAGACCAACTTAGAGGAACA
C-30) and R-(50-TCTGGGAAA G GCTCAGTAGTA-
30), catalase; F-(50-GAAGCAG AGAGGTTCCCATT
TA-30) and R-(50-CAT ACGCCATCTGTTCTACC
TC-30), HSF1; F-(50-CAGCGTGTCCAGCATAAAGA-
30) and R-(50-TGAGCTTATT GACCACCTTCTG-30),
HSF3; F-(50-GAGTTCCAGCACCCTTTCTT-30) and
R-(50-TCTTTCCACAGGGCCTTATT T-30), Hsp70;
F-(50-GGATGAAGCCAACAGAGA TAGG-30) and R-
(50-TCTGCTTGTGCTCATACTCTTC-30).
Statistical Analysis

All statistical analyses were conducted using IBM
SPSS Statistics 24.0 (IBM software, Chicago, IL). The
folds of mRNA levels of proinflammatory cytokines
(IL-6, IL-8, IL-1b, and TNF-a), TLR2 and TLR4, HSP
(Hsp70, HSF1, and HSF3), and antioxidant enzymes
(catalase, GPX, NOX, and SOD) were expressed as
means 6 standard deviation. Two-way ANOVA fol-
lowed by Bonferroni test was used to compare the
mRNA fold changes between TM vs. control groups
and within treatment groups (day 0 of CHS vs. day 1,
3, 5, and 7 after CHS). Parametric differences were
considered statistically significant at P , 0.05.
RESULTS

Effect of TM on the Intestinal mRNA Levels
of Antioxidant Enzymes, Proinflammatory
Cytokines, TLR, and HSP on Posthatch Day
28 (day 0 of CHS)

Figures 1A–1D represents effects of TM on the intes-
tinal mRNA levels of antioxidant enzymes (catalase,
GPX, NOX, and SOD), proinflammatory cytokines
(IL-6, IL-8, IL-1b, and TNF-a), TLR2 and TLR4, and
HSP (Hsp70, HSF1, and HSF3) on posthatch day 28
(day 0 of CHS). TM did not lead to significant changes
in the intestinal mRNA levels of antioxidant enzymes,
TLR, IL-1b, TNF-a, and HSF3. However, TM led to
significantly lower mRNA levels of IL-6, IL-8, and



Figure 1. The intestinal mRNA levels of (A) antioxidant enzymes (catalase, glutathione peroxidase [GPX], NADPH oxidase [NOX], and
superoxide-dismutase [SOD]), (B) proinflammatory cytokines (interleukin [IL]-1b, IL-6, IL-8, and tumor necrosis factor alpha [TNF-a]), (C) toll-
like receptors (TLR2 and TLR4), and (D) heat shock proteins (Hsp70, heat shock transcription factor [HSF]-1, and HSF3) on posthatch day 28
(day 0 of chronic heat stress [CHS]) in broiler chickens subjected to thermal manipulation (TM) during embryogenesis (n5 5). The values in the chart
indicates folds of mRNA level in the control groups. *Mean 6 standard deviation is significantly different compared to control (P , 0.05).
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HSF1 and to significantly higher mRNA level of Hsp70
than the control group.
Effects of CHS on the Intestinal mRNA
Levels of Antioxidant Enzymes in Broiler
Chickens Subjected to TM

Effects of CHS on the intestinal mRNA levels of anti-
oxidant enzymes (catalase, GPX, NOX, and SOD) in
broiler chickens subjected to TM is shown in
Figure 2A–D.
Catalase During CHS, the mRNA level of catalase was
significantly higher after 1 and 5 D than at the day 0 of
CHS in control group, while in the TM group, the
mRNA level of catalase was significantly higher after
3 D and significantly lower after 7 D than that at day
0 of CHS (Figure 2A). After 5 D of CHS, the mRNA
level of catalase was significantly lower in TM than that
in the control group.
Glutathione Peroxidase No significant change was
observed in the mRNA level of GPX during CHS in
the TM group (Figure 2B). However, the mRNA level
of GPX was significantly increased after 5 D compared
with that at day 0 of CHS in the control group.
Furthermore, the mRNA level of GPX was significantly
lower after 5 and 7 D of CHS in TM group than that in
control.
NADPH Oxidase The mRNA level of NOX was signif-
icantly higher after 1 and 5 D than at day 0 of CHS in
both groups, but only in the control group, the level
remained significantly increased on day 7 of CHS
(Figure 2C). The mRNA level of NOX was signifi-
cantly lower in TM group than that in control after 5
and 7 D of CHS.
Superoxide-dismutase After days 1 and 7 of CHS,
there was significant increases in the mRNA levels of
SOD compared with those at day 0 of CHS in the control
group (Figure 2D). In the TM group, the mRNA level of
SOD was significantly increased after 3 D of CHS
compared with that at day 0 of CHS. The mRNA level of
SOD was significantly lower in the TM group than that
in control after 1, 5, and 7 D of CHS.
Effects of CHS on the Intestinal mRNA
Levels of Proinflammatory Cytokines and
TLR in Broiler Chickens Subjected to TM

Figure 3A–F represents the effects of CHS on the in-
testinal mRNA levels of proinflammatory cytokines
and TLR in broiler chickens subjected to TM.
Interleukin-6 In the control group, CHS significantly
decreased the mRNA levels of IL-6 after 1 and 7 D
compared with those at day 0, whereas in the TM group,
CHS significantly increased the levels of IL-6 after 1 D



Figure 2. Effect of chronic heat stress (CHS) (at 35�C) on the intestinal mRNA levels of catalase (A), glutathione peroxidase (GPX) (B), NADPH
oxidase (NOX) (C), and superoxide-dismutase (SOD) (D) in control and thermal manipulation (TM) broiler chickens (n5 5). The values in the chart
indicates folds of mRNA level in the control group day 0. *Within same day, mean6 standard deviation (SD) of TM is significantly different compared
to control (P, 0.05). #Within control group, mean6 SD of day 1, 3, 5, or 7 is significantly different compared to day 0 (P, 0.05). $Within the TM
group, mean 6 SD of day 1, 3, 5, or 7 is significantly different compared to day 0 (P , 0.05).
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compared with those at day 0 (Figure 3A). The mRNA
level of IL-6 was significantly higher after 1 D and
significantly lower after 3 and 5 D of CHS in TM than
that in the control group.
Interleukin-8 In the control group, CHS significantly
decreased the mRNA levels of IL-8 after 1, 3, and 7 D
compared with those at day 0, whereas in the TM group,
CHS significantly increased the levels of IL-8 after 1 and
5 D compared with those at day 0 (Figure 3B). The
mRNA level of IL-8 was significantly higher in the TM
group than that in the control after 1 D of CHS.
Interleukin-1b In the control group, CHS significantly
decreased the mRNA levels of IL-1b after 1, 5, and 7 D
compared with those at day 0, whereas in the TM group,
CHS significantly decreased the levels of IL-1b after all
time intervals compared with those at day
0 (Figure 3C). The mRNA level of IL-1b was signifi-
cantly lower in the TM group than that in the control
after 3, 5, and 7 D of CHS.
TNF-a In both control and TM groups, CHS signifi-
cantly decreased the mRNA levels of TNF-a after all
studied days compared with those at day
0 (Figure 3D). After 3, 5, and 7 D of CHS, the mRNA
level of TNF-a was significantly lower in the TM group
than that in control.
Toll-Like Receptor 2 In the control group, CHS signif-
icantly decreased the mRNA level of TLR2 after 1, 3,
and 5 D compared with day 0, whereas in the TM group,
CHS did not significantly change TLR2 mRNA level
compared with that in day 0 (Figure 3E). However,
TLR2 mRNA level was significantly higher in the TM
group than in the control group after 1 D of CHS.
Toll-Like Receptor 4 In the control group, CHS did not
significantly change the mRNA level of TLR4 compared
with that at day 0, but in the TM group, CHS signifi-
cantly decreased the levels of TLR4 after 7 D compared
with that at day 0 (Figure 3F). The mRNA level of
TLR4 was significantly lower in the TM group than in
the control group after 7 D of CHS.
Effects of CHS on the Intestinal mRNA
Levels of Heat-Shock Proteins in Broiler
Chickens Subjected to TM

Figure 4A–C represents the effects of CHS on the in-
testinal mRNA levels of Hsp in broiler chickens sub-
jected to TM.
Heat Shock Protein 70 In the control group, CHS
significantly decreased the mRNA level of Hsp70 after
5 and 7 D compared with that in day 0, while in the
TM group, CHS significantly decreased the mRNA levels
of Hsp70 after 3, 5, and 7 D compared with those at day
0 (Figure 4A). The mRNA level of Hsp70 was signifi-
cantly higher after 3 D and significantly lower after 5 D
of CHS in TM than that in the control group.



Figure 3. Effect of chronic heat stress (CHS) (at 35�C) on the intestinal mRNA levels of interleukin (IL)-6 (A), IL-8 (B), IL-1b (C), tumor necrosis
factor alpha (TNF-a) (D), toll-like receptor (TLR)-2 (E), and TLR4 (F) in control and thermal manipulation (TM) broiler chickens (n 5 5). The
values in the chart indicate folds of mRNA level in the control group day 0. *Within same day, mean6 standard deviation (SD) of TM is significantly
different compared to control (P , 0.05). #Within the control group, mean 6 SD of day 1, 3, 5, or 7 is significantly different compared to day
0 (P , 0.05). $Within the TM group, mean 6 SD of day 1, 3, 5, or 7 is significantly different compared to day 0 (P , 0.05).
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Heat Shock Transcription Factor 1 In the control
group, CHS significantly decreased the mRNA levels of
HSF1 after all time intervals compared with those in
day 0, whereas in the TM group, CHS significantly
decreased the mRNA levels of HSF1 after 1, 3, and 7 D
compared with those at day 0 (Figure 4B). After 7 D
of CHS, the mRNA level of HSF1 was significantly lower
in the TM group than that in the control group.
Heat Shock Transcription Factor 3 In the control
group, CHS significantly decreased the mRNA levels of
HSF3 after 1 and 3 D compared with those in day 0,
but in the TM group, CHS did not significantly change
the mRNA level of HSF3 with respect to day
0 (Figure 4C). The mRNA level of HSF3 was signifi-
cantly higher in the TM group than that in the control
group after 1 D of CHS; however, after 7 D of CHS, the
mRNA levels of HSF3 was significantly lower in TM
chicks than those in control chicks.
DISCUSSION

The present study aimed in evaluating effects of TM
during embryogenesis (39�C and 65% RH for 18 h daily
during ED 10-18) on the mRNA levels of antioxidant en-
zymes, proinflammatory cytokines, TLR, and HSP in
the jejunal mucosae of broiler chickens exposed to
chronic heat stress (35�C for 7 D).

In the present study, on posthatch day 28 (day 0 of
CHS), there was no significant difference in the mRNA
levels of antioxidant enzymes between TM and control
groups. In the other hand, after CHS, there was a signif-
icant increase in the mRNA levels of antioxidant
enzymes in TM and control groups; however, the TM
group possessed lower mRNA levels than the control
group. Similarly, it was previously found that TM led
to lower mRNA levels of NOX, SOD, catalase, and
GPX during posthatch acute heat stress in broiler
chickens (Al-Zghoul et al., 2019). It was reported that
elevated superoxide (O2-) level was associated with the
increased NOX expression during heat stress in vitro,
and it was suggested that NOX was the source of
elevated ROS during high environmental temperatures
(Kikusato et al., 2015). Thus, the current results suggest
that the reduced NOX expression in the TM chickens
ameliorate the heat-induced oxidative stress because
the NOX-induced ROS production is decreased. Acute
and chronic heat stress were shown to increase the activ-
ity and mRNA expression of antioxidant enzymes in
broiler chickens as a protective response to minimize or
prevent oxidative stress (Altan et al., 2003; Yang
et al., 2010; Hao and Gu, 2014; Rimoldi et al., 2015).
Therefore, the lower mRNA levels of antioxidant
enzymes in TM groups as shown in the present study
may suggest that heat stress was ameliorated and did
not induce oxidative stress in TM chickens.
In the present study, TM had a higher basal mRNA

level of Hsp70 and a lower basal mRNA level of HSF1
on posthatch day 28 (day 0 of CHS). However, CHS
decreased jejunal Hsp70, HSF1, and HSF3 mRNA levels
in both TM and control groups, but TM group possessed
higher mRNA levels of HSF3 and Hsp70 on the first days
of CHS, then, the levels of Hsp70, HSF1, and HSF3 were
declined compared with those in the control group. Pre-
viously, it was shown that TM has a long-lasting impact



Figure 4. Effect of chronic heat stress (CHS) (at 35�C) on the intes-
tinal mRNA levels of heat shock protein 70 (Hsp70) (A), heat shock tran-
scription factor (HSF)-1 (B) and HSF3 (C) in control and thermal
manipulation (TM) broiler chickens (n5 5). The values in the chart in-
dicates folds of mRNA level in the control group day 0. *Within same
day, mean 6 SD of TM is significantly different compared to control
(P , 0.05). #Within the control group, mean 6 standard deviation
(SD) of day 1, 3, 5, or 7 is significantly different compared to day
0 (P , 0.05). $Within the TM group, mean 6 SD of day 1, 3, 5, or 7 is
significantly different compared to day 0 (P , 0.05).
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on the expression of HSF1, HSF3, and Hsp70, which was
associated with improved heat-tolerance acquisition in
the broiler chickens (Al-Zghoul et al., 2013, 2019).
Such altered expression dynamics might be a result of
epigenetic modifications that occurred as a response to
TM during embryogenesis. Previously, it has been
reported that TM affected the DNA methylation on
the promoter of Hsp70, which, in turn, modify the
expression of this protein during posthatch life (Vinoth
et al., 2018). The reduced expression of Hsp70, HSF1,
and HSF3 in the present study may indicate that TM
chicks were more heat tolerant because the control
chicks were still responding to heat stress and had higher
HSP mRNA levels. Likewise, it was found previously
that the expression of HSP were decreased after CHS
in TM chickens (Vinoth et al., 2015).

The proinflammatory cytokines, including IL-8, IL-6,
TNF-a, and IL-1b, have an important role in innate
and acquired immunity, and they are major players in
the regulation of the acute phase response (Wigley and
Kaiser, 2003; Giansanti et al., 2006). Proinflammatory
cytokines play a critical role in wound healing and
regeneration of tissue injury (Rennekampff et al., 2000;
Streetz et al., 2000; Bosch et al., 2002; Wigley and
Kaiser, 2003; Eming et al., 2007; Crouser et al., 2009;
Eming et al., 2009; McFarland-Mancini et al., 2010;
Welc et al., 2013; Phillips et al., 2015). In vertebrates,
several studies had reported that heat stress increases
the expression of proinflammatory cytokines (Leon,
2007; Heled, et al., 2013; Prakasam, et al., 2013;
Cheng, et al., 2015; Varasteh, et al., 2015; Al-Zghoul
et al., 2019). In the present study, TM led to lower
basal mRNA levels of IL-8 and IL-6, but during CHS
exposure, TM chicks possessed higher IL-6 and IL-8
mRNA levels after 1 D and lower IL-1b, IL-6, and
TNF-a mRNA levels after 3, 5, and 7 D of CHS than
the control group. In contrast, it was previously found
that TM led to increased basal mRNA level of IL-6 in
the spleen and liver of broiler chickens; furthermore,
the expression of proinflammatory cytokines IL-1b,
TNF-a, and IL-6 were higher in TM chicks after the
exposure to acute heat stress (Al-Zghoul et al., 2019).
This contradiction might be due to the difference in tis-
sues and organs evaluated and different stress
conditions.

The increased IL-6 level after 1 D of CHS in TM chicks
might be associated with the high level of HSF3 on the
same day for these chicks. Previously, it has been re-
ported that HSF3 is a transcription factor that activates
the expression of both Hsp70 and IL-6 in chickens during
heat stress; thus, IL-6 was suggested to work as a heat-
shock gene (Prakasam, et al., 2013). However, the lower
levels of proinflammatory cytokines after 3, 5, and 7 D of
CHS in the TM group could be explained that this group
was more tolerant to the heat stress than the control
group because higher levels of proinflammatory cyto-
kines indicate inflammation response, which may occur
due to heat-induced tissue damage.

In the present study, at posthatch day 28 (day 0 of
CHS), TM did not affect the basal mRNA levels of
TLRs. However, in chicks subjected to CHS, the TLR2
mRNA level was higher after 1 D, and the mRNA level
of TLR4 was lower after 7 D of CHS in TM groups
than that in controls. Formerly, it was reported that
acute heat stress increased the expression of TLR2 and
TLR4 in broiler chickens (Huang, 2017; Al-Zghoul
et al., 2019). Moreover, it was shown that TM did not
affect the basal mRNA levels of TLR2 and TLR4 in
broiler chickens in thermoneutral conditions, while
during acute heat stress, TM resulted in enhanced
TLR2 and TLR4 expression (Al-Zghoul et al., 2019).
TLR are a part of the innate immunity, and they are
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called pathogen-recognition receptors; their function is
to recognize certain pathogen-associated signals (such
as lipopolysaccharide) and danger-associated molecular
pattern (DAMPs) and subsequently induce inflamma-
tion (McCarthy et al., 2013). DAMP are the molecules
that get out of the cells because of membrane damage
(such as Hsp70, which also could be released by several
tissues during stress) and work as ligands to TLR2 and
TLR4 (Asea et al., 2002; Calderwood et al., 2007). The
binding of Hsp70 to TLR2 and TLR4 results in the acti-
vation of signal transduction pathways that lead to the
induction of IL-6 expression (Asea et al., 2002). This
might explain the simultaneous increased mRNA levels
of TLR2 and IL-6 after 1 D of CHS in the TM group.
Moreover, in the control group, the increased mRNA
level of TLR4 on day 7 of CHS may suggest that CHS
induced inflammatory response; however, this was not
observed in the TM group.
CONCLUSION

The results of the present study suggest that TM led to
altered posthatch antioxidant, immunological, and HSP
response to chronic heat stress in the jejunal mucosae of
broiler chickens, probably indicating that TM mitigated
CHS and improved heat-tolerance acquisition.
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