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Effects of Chronic and Acute Heat Stress on the
Cardiac Expression of Antioxidative and Anti-
Inflammatory Genes in Chicks

ABSTRACT

Heat stress can affect several biological pathways. This study aimed
to compare the effects of chronic and acute heat stress on the oxidative
status and inflammatory responses of chick’s hearts. Chronic and acute
heat stress were induced in chicks, heart tissues were examined for
morphological changes, and gene expression was analyzed in heart
samples. Our results showed that prolonged heat exposure caused
a dramatic reduction in chicks body weight, increased lesions, and
ruptured cardiac muscle fibers in the hearts, confirming that chronic
heat stress damages heart tissues and causes inflammation. Our gene
expression results confirmed that heat stress induces oxidative stress and
inflammation in the hearts of chicks, and this is evidenced by changes in
the expression of NRF2 and CAT as antioxidant factors, NFkB and LITAF
as anti-inflammatory factors, and changes in the expression of Leptin
as an activator of Reactive Oxygen Species production and induction of
proinflammatory factors. Our study also showed that the induction of
anti-inflammatory and antioxidant genes was greater upon exposure to
chronic heat stress than acute heat stress. These findings confirm that
chickens generally tolerate chronic heat stress better than acute heat
stress.

INTRODUCTION

Chickens are more sensitive to heat stress than mammals because
of their feathers and the lack of sweat glands, making the negative
impact of heat stress a significant concern for poultry production ( Lara
& Rostagno, 2013; Saeed et al., 2019; Candido et al., 2020; Hirakawa
etal., 2020; Nawaz et al., 2021). Heat stress affects chicken physiology,
increasing heart rate, blood flow, and internal temperature, and
decreasing food intake, growth rates, and egg production (Cervantes
etal., 2016; Goel, 2021; Ahmad et al., 2022).

Heat stress can be categorized into two types based on the duration
of exposure: acute (short-term exposure) and chronic (long-term
exposure) (Ghulam Mohyuddin et al., 2022). Chronic heat stress affects
animal physiology and behavior, but is generally tolerated by animals
and does not lead to death ( Morera et al., 2012; Goel, 2021). Acute
heat stress, however, can result in hyperthermia, significant damage
to organs, and chicken death ( Lan et al., 2016; Adu-Asiamah et al.,
2021).

Recent studies have demonstrated that heat stress induces oxidative
stress through the overproduction of Reactive Oxygen Species
(ROS). Overproduction of ROS causes damage to cells and organs by
modifying cellular proteins and lipids, and damaging nucleic acids (
Sies et al., 2017; Emami et al., 2020; Qixiang Miao et al., 2020; Liu
et al., 2021; Alva et al., 2023). One of the first defense mechanisms
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against oxidative stress is the expression of detoxifying
enzymes such as superoxide dismutase (SOD), catalase
(CAT), and guaiacol peroxidase (POD). These enzymes
scavenge excess ROS inside the cells (Sies et al., 2017;
Liu et al., 2021). One of the crucial regulators of the
redox homeostasis under oxidative stress is the activity
of the Nuclear factor erythroid 2-related factor 2
(NRF2). NRF2 is a transcription factor that is a master
regulator of antioxidant defense mechanisms under
oxidative stress. It binds to a conserved antioxidant
response element of target genes and promotes the
activity of antioxidant enzymes, such as SOD and CAT
(J. F. Zhang et al., 2018; Surai et al., 2021; Tang et al.,
2021; Tang et al., 2022).

In addition to oxidative stress, heat stress causes
an imbalance in the immune system that triggers
inflammation (Abdelnour et al, 2019; Most &
Yates, 2021; E. Liu et al., 2022). Several studies
have demonstrated that heat stress increases the
inflammatory components of the immune system. For
example, rats exposed to a few weeks of heat stress
showed more leukocytes in the spleen than control
rats (Song et al., 2019). Broiler chickens exposed to
heat stress for 14 days showed severe damage to the
proliferation and differentiation of the immune system
in lymphoid tissues (Hirakawa et al., 2020). Upon
exposure to heat stress, immune homeostasis must
be maintained in order to avoid extreme inflammation
and autoimmune diseases (Horwitz et al., 2019; Song
et al., 2019). One mechanism by which cells adapt to
overcome inflammation is the activation of the Nuclear
Factor Kappa B (NF-xB) and Tumor Necrosis Factor Alpha
(TNF- o) pathways (Abdelnour et al., 2019; Daghero et
al., 2022; Gao et al., 2022). NFxB is a transcription
factor closely related to NRF2 and a master regulator
of inflammation and immune homeostasis (Mitchell
& Carmody, 2018). NF-kB controls inflammation by
activating proinflammatory cytokines such as tumor
necrosis factor-a. (TNF-a)/lipopolysaccharide-induced
tumor necrosis factor (TNF)-alpha factor (LITAF), which
consequently activates innate and adaptive immune
responses (Mitchell & Carmody, 2018; Del Vesco et al.,
2020; Surai et al., 2021).

Leptin is a hormone derived from adipose tissue that
plays a major role in energy homeostasis and appetite
regulation (Dridi et al., 2008; Laursen et al., 2017;
Caruso et al.,, 2023). Some studies have shown that
heat stress increases Leptin production. For example,
one study showed that chronic heat stress improves
Leptin signaling in adipose, muscle, and liver tissues in
mice (Morera et al., 2012). Acute heat stress has been
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shown to upregulate hepatic leptin in broiler chickens
(Dridi et al., 2008). Another study showed that the
expression of Leptin was not affected by exposure
to chronic heat stress in the adipose tissues of pigs
(Cervantes et al., 2016).

In the immune system, Leptin stimulates the
production of proinflammatory cytokines, and Leptin
production increases during acute infection and
inflammation (Bruun et al.,, 2002; Sanchez-Margalet
et al., 2003; La Cava & Matarese, 2004; Abella et al.,
2017). Moreover, Leptin is potentially an activator of
ROS production, as it increases the generation and
accumulation of ROS in cells (Yamagishi et al., 2001;
Koh et al., 2008; Mahbouli et al., 2017; Mourmoura
et al., 2022). The role of Leptin in the cardiovascular
system remains uncertain; however, various studies
suggest that Leptin may be needed for the pathogenesis
of chronic inflammation in the heart, as it affects the
production of proinflammatory cytokines and oxidative
stress, Thus, Leptin can be used as a biomarker for
heart failure (Schulze & Kratzsch, 2005; Poetsch et al.,
2020; Vasamsetti et al., 2023).

In the present study, chronic and acute heat
stress were induced in chicks, and gene expression
was used to monitor the effect of heat on the
progression of oxidation and inflammation in the
heart. Five genes were selected for this study: NRF2
and CAT as antioxidant factors, NFkB and LITAF as
anti-inflammatory factors, and Leptin as an activator
of ROS production and inducer of proinflammatory
factors. To the best of our knowledge, this is the first
study to monitor Leptin expression in chicken hearts
after exposure to heat stress.

MATERIALS AND METHODS
Ethical approval

The experiment procedures of this study were
approved by the Ethics Committee on Animal Use at
Kuwait University and the Ethics Committee for the
Use of Laboratory Animals (DBS/IRB(ECULA)20-005
(Bastaki et al., 2022 and Bastaki et al., 2023).

Animal Source for the Study

In the present study, 75 two-week-old chicks (Gallus
gallus domesticus) were purchased from local farms
in Kuwait. Forty chicks were exposed to chronic heat
stress and thirty five were exposed to acute heat stress.
Chicks in all experiments had free access to food and
water.
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Distribution and nhumbers of the chicks in
this study

Chronic heat-stress experiment

Two-week-old chicks were randomly divided into
eight groups with five replicates each, as follows:
control group 1 (indoors for 1 week), control group 2
(indoors for 2 weeks), control group 3 (indoors for 3
weeks), control group 4 (indoors for 4 weeks), heat-
stress group 1 (outdoors for 1 week), heat-stress group
2 (outdoors for 2 weeks), heat stress group 3 (outdoors
for 3 weeks), and heat-stress group 4 (outdoors for
4 weeks). The control groups were kept indoors at a
constant temperature of 25 °C, and the heat-treated
groups were kept outdoors, where the temperature
fluctuated according to the outside temperature
during the summer season in Kuwait (35-50 °C)
(Figure 1). Temperatures were recorded three times
per day (morning, afternoon, and evening) (Figure 1).
The control groups were euthanized indoors, while the
heat-treated groups were euthanized outside at noon
with direct sun exposure. Immediately after death,
heart samples were collected and processed for RNA
extraction and histological staining.
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Figure 1 —Temperature record for the induction of chronic heat stress.
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Acute heat-stress experiment

Two-week-old chicks were randomly divided into
seven groups with five replicates each, as follows:
control group (no heat treatment), group 1 (45 min
of heat treatment), group 2 (1 h and 30 min of heat
treatment), group 3 (2 h and 15 min of heat treatment),
group 4 (3 h of heat treatment), group 5 (3 h and 45
min of heat treatment), and group 6 (4 h and 30 min of
heat treatment). Chicks in the heat-treated groups were
placed in a temperature-controlled growth chamber at
a constant temperature of 45 °C. The control group
was euthanized indoors at 25 °C. Immediately after
death, heart samples were collected and processed for
RNA extraction and histological staining.

Histological staining of the heart

Heart samples for the control and heat-treated
chicks were processed for histological staining with
Meyer's hematoxylin (MHS16, Sigma —Aldrich) and
eosin (102439, Sigma-Aldrich) as recently reported in
the literature (Bastaki et al., 2022).

Quantitative Real-Time PCR

RNA was extracted from the heart samples using
TRIzol reagent according to the manufacturer’s protocol
(15596018, Invitrogen, Waltham, MA, USA). A cDNA
reverse transcription kit was used to synthesize cDNA

(4368814, Applied Biosystems, Waltham, MA, USA).
Quantitative real-time PCR was performed using a Bio-
Rad CFX96 Real-Time system (C1000 Touch Thermal
Cycle, Bio-Rad, Singapore). PCR reactions were
performed using PowerUp SYBR Green Master-Mix 2X
(A25779, Applied Biosystems). The primers used in the
gRT-PCR are listed in Table 1. Genes were amplified in
duplicate, and each PCR was run at least three times.

Table 1 - Description of all primers for the genes used for RT-gPCR analysis.

Gene Gene Full Name Primer Sequence (5'-3") Accession Number
car ek F: ACACAGCATIGCCCTCGATY NM_001031215.2
LITAF lipopolysaccharide induced TNF factor ;?CGGGGCTCGCACTCGQGATC?ATGT?ZgéST XM_040647309.1
NF-kB nuclear factor kappa B subunit 1 ;:;I—GCC%GC s&gggxéﬁéﬁggﬂe NM_205134.1
e
GAPDH glyceraldehyde-3-phosphate dehydrogenase ;:: %ﬁ%ﬁ%ﬁié’égﬁ?gfggﬁ?g NM_204305.2
B Actin seta-Actin F: ACCCCAMAGCCARCAGA NM_205515.2
RPL5 Ribosomal Protein L5 ;éﬁgﬁ?ﬁg%ﬂlﬂfgggﬁ]@? NM_204581.5
3
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The PCR conditions were 50 °C for 2 min, then 40
cycles of 95 °C for 2 min, 95 °C for 15 s, 57 °C for
15's, and 72 °C for 1 min. Melting analysis for primer
specificity was set at 65 °C for 5 s and 95 °C for 5s.

Statistical analysis of target genes

Statistical analysis was performed as described by
Bastaki et al. (2023). In summary, the Ct value was
computed using Bio-Rad CFX96 software to quantify
the mRNA for each gene, and the average Ct values
were calculated for each sample group. Values were
normalized using GAPDH as an endogenous control.
The mRNA quantity was calculated as the ACt value (Ct
target gene—Ct reference gene GAPDH) for each gene.
The normalized relative expression AACt (ACt heat-
treated sample — ACt control sample) was calculated
for each gene. The fold-change 2-2*“ was obtained for
each gene. Finally, statistical analysis was conducted
using one-way ANOVA and two-way ANOVA for acute
and chronic heat stress, respectively. GraphPad Prism
version 9 (GraphPad Software Inc., San Diego, CA, USA)
was used to obtain the p value and standard deviation
for the expression of each gene. Statistical significance
was set at * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001. Data are presented as means + standard
deviation (SD).

RESULTS

Effects of heat stress on growth perfor-
mance of chicks

The chicks were weighted prior to euthanasia.
Weights varied among the chicks exposed to chronic
heat stress (Figure 2). The average weights were 27.8
g,46.6 g,50.4 g, and 105.6 g in the control 1 (14 days
old), control 2 (21 days old), control 3 (28-days-old),
and control 4 (35 days old) groups, respectively. The
weight increase in the control groups was expected, as
the chicks grew weekly. However, the weights of chicks
placed outdoors and exposed to chronic heat stress
did not increase normally; the average weights were
25.59,33.59g,41.5g, and 42.2 g after one week (14
days old), two weeks (21 days old), three weeks (28
days old), and four weeks (35 days old) of heat stress,
respectively. The acute heat stress experiment was
conducted in one day on 14-day-old chicks, and the
average weights were similar among groups, ranging
between 27.8 g and 32.0 g. These results indicate
that chronic heat stress affected the feed intake of
chicks, resulting in reduced weight gain and growth
performance.

Weights in grams (g)
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Figure 2 — Average weights of chicks prior to euthanasia in the chronic heat stress
groups.

Histological staining of chicken hearts
after exposure to chronic heat stress

Histological staining of heart tissue was compared
between control chicks and chicks exposed to chronic
heat for three and four weeks (Figure 3). Control group
3 (28 days old) and control group 4 (35 days old) had
clear and regular cardiac muscle fibers (Figure 3a and
30). In comparison, heart samples from chicks exposed
to chronic heat stress for three (28 days old; Figure 3b)
and for four weeks (35-days-old; Figure 3d) showed
clear lesions and spaces with fragmented and ruptured
cardiac muscle fibers, suggesting inflammation of
heart cells and tissue. The results clearly demonstrate
that exposure to heat stress for a prolonged period
induces heart damage.

Figure 3 — H&E stained heart tissue sections (x 200) of control (a, ¢) and heat-stressed
hearts (b,d). Arrows indicate lesions and spaces with fragmented and ruptured cardiac
muscle fibers.
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Effects of chronic and acute heat stress on
antioxidative gene expression

To monitor the effect of heat stress on the
oxidative status of the heart, two antioxidative factors
were selected for gene expression analysis: NRF2
as a transcription factor of the antioxidant defense
mechanism, and CAT as an antioxidant enzyme
promoted by NRF2.

Upon exposure to chronic heat stress for one to four
weeks, both genes showed similar expression patterns.
After the first week of heat exposure, expression was
downregulated in the heat-stressed hearts compared
to the control hearts; however, expression of both
genes was upregulated after the second week of heat
exposure compared with the control chicks (Figure 4a
and b), with a significant value (p<0.05) detected only
for CAT and not for NRF2. Both genes were slightly
downregulated in the third and fourth weeks of
chronic heat treatment.

Upon exposure to acute heat stress, there were
fluctuations in the expression of NRF2 and CAT, but
both showed a similar gene expression pattern.
Expression was downregulated after the first period of
heat exposure, and then started to increase gradually
until it peaked after two hours of exposure. After the
two hours, expression fluctuated again, reducing and
then increasing (Figures 4c and d).

Our results demonstrated similar gene expression
patterns for NRF2 and CAT under chronic and acute
heat stress.
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CAT NRF2 3 Heat treated

mRNA normalized relative
expression

mRNA normalized relative
expression

week 4 week 1 week 2 week3  week 4

week 1 week 2 week 3

Weeks of Treatment Weeks of Treatment
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Figure 4 — The fold change differences (2AAACt) of the relative normalized expres-
sion for CAT (a and c) and NRF2 (b and d) in the control and heat-treated chicks after
exposure to chronic heat stress for one to four weeks, or acute heat stress for 45 min to
4 hrand 30 min (n = 3 in each group, * p<0.05). Data are presented as means + SD.
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Effects of chronic and acute heat stress on
anti-inflammatory gene expression

To monitor the effect of heat stress on the
inflammation status of the heart, two anti-inflammatory
factors were selected for gene expression analysis:
NF-kB as a transcription factor of inflammation and
immune homeostasis, and LITAF as proinflammatory
cytokine controlled by NF-kB.

NF-kB expression was significantly upregulated
(p<0.0001) after the first week of chronic heat exposure
in the hearts of heat-stressed chicks compared with
that of control hearts. Expression was dramatically
reduced after the second week of heat exposure
(p<0.001), but it was still slightly higher than in the
controls. After the 3 and 4" week of heat exposure,
NF-kB expression was downregulated in the hearts of
heat-stressed chicks compared control hearts (Figure
5a), and significantly lower than that of the first week'’s
heat exposure (p<0.0001). As for LITAF, its expression
was upregulated in the hearts of heat-stressed chicks
after the 2" and 3 weeks of heat stress; however,
after the 1t and 4" weeks, it was downregulated
(Figure 5b). No significant values were detected for
LITAF in the chronic heat stress groups.

Upon exposure to acute heat stress, expression of
NF-kB and LITAF was downregulated at different time
points from the beginning to the endpoint of heat
exposure (Figure 5 c¢ and d). A significant decrease
(p<0.05) was detected for LITAF in all acute heat
treatments, but only at 3 and 4.5 hours for NF-kB.

a NF-kB b LITAF Hm Control

3 Heat treated

AREE Rk
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Figure 5 —The fold change differences (2AAACt) of the relative normalized expression
for NFKB (a and ) and LITAF (b and d) in the control and heat-treated chicks after expo-
sure to chronic heat stress for one to four weeks or acute heat stress for 45 min to 4 hr
and 30 min (n = 3 in each group, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).
Data are presented as means + SD.

eRBCA-2024-1915



Bastaki NK, Almomen JZ, Albarjas TA

Effects of chronic and acute heat stress on
Leptin gene expression

Leptin expression was significantly upregulated
(p<0.05) upon the first week of heat exposure in the
chronically heat-stressed hearts compared with that in
the control hearts . In the heat-stressed hearts, Leptin
expression was significantly diminished (p<0.01) after
the 2" and 3 weeks of heat exposure, and after the
4™ week, but the expression was slightly higher than in
the control hearts (Figure 6a).

Leptin expression was lower in the hearts of chicks
exposed to acute heat stress than in the control hearts
throughout the examined time, with slight variation
in expression. Expression was highest after 45 min of
heat exposure than in the rest of the examined time
periods (Figure 6b), but significant decreases (p<0.05)
were observed only at 1.5 and 4.5 hours.
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Figure 6 —The fold change differences (2AAACt) of the relative normalized expression
for Leptin in the control and heat-treated chicks after exposure to chronic heat stress for
one to four weeks (a) or acute heat-stress for 45 min to 4 hr and 30 min (b) (n = 3 in
each group, * p<0.05, ** p<0.01). Data are presented as means + SD.

DISCUSSION

Chickens are homoeothermic and lack sweat glands;
therefore, they are more susceptible to heat stress than
other animals (Murugesan et al., 2017; Candido et
al., 2020). The body temperature of a newly hatched
chick is approximately 39.7 °C, and this temperature
increases every day until it becomes stable at three
weeks post-hatch. The body temperature of an adult
chicken is approximately maintained between 40.0
and 40.5 °C (Donald & William, 2002; Saeed et al.,
2019). In practice, the best environmental temperature
for chicks to maintain optimal body temperature is
between 24 and 26°C. Above this ideal range, the
air temperature may induce a state of heat stress
known as hyperthermia, which compromises normal
functions of many organs and leads to high mortality
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rates (Hamissou Maman et al., 2019; Brugaletta et al.,
2022; Burhans et al., 2022).

Oxidative stress and inflammatory responses are two
major causes of heat stress. Under normal conditions,
all aerobic organisms maintain a redox balance between
the production of ROS through metabolism and the
reduction of ROS through antioxidants. Heat stress
interrupts this balance by increasing the production
of ROS and decreasing antioxidant activity, causing
oxidative stress (Birben et al., 2012; Akbarian et al.,,
2016; Jacobs et al., 2020). Heat stress also increases
the inflammatory components of the immune system
and causes overproduction of inflammatory cytokines
(Min et al., 2016; Barnes et al., 2021; Most & Yates,
2021; Park et al., 2021).

The objective of the present study was to examine
oxidative and inflammatory responses in heart
samples of chicks exposed to chronic and acute heat
stress. Chicks in each group in the chronic and acute
experiments were examined for behavioral changes,
includingrespiratory rate, heartrate, and feedingintake.
The weights of the chicks in the acute heat experiment
were similar between the control and heat-treated
groups; however, the weights were different between
the control and heat-treated chicks in the chronic heat
experiment. After the 1°t week of heat treatment, the
difference in averages between the control and treated
groups was 2.3 g (Figure 2). The difference became
more noticeable in the subsequent weeks, rising to
13 g after the 2nd week, 8.9 g after the 3rd week,
and 63.4 after the 4th week of heat treatment. The
results demonstrated that prolonged heat exposure
decreases feed intake, causing a dramatic reduction
in chick weight. Our results matched those of other
studies that reported heat stress inhibiting the growth
performance of broilers, and prolonged exposure
to chronic heat not resulting in a higher mortality
compared with acute heat (Quinteiro-Filho et al.,
2010; Y.-L. Liu et al., 2022). In both experiments, one
to two deaths occurred in each group for the control
and heat-treated groups.

Histological staining was used to examine the effect
of chronic heat exposure on heart tissue. Our results on
the histopathological changes in heart samples exposed
to chronic heat stress agreed with those from previous
studies (Tang et al., 2014; Nasrolahi et al., 2020). The
lesions and ruptured cardiac muscle fibers observed
in our study also matched previously published results
on chicken hearts exposed to cold stress (Zhao et al.,
2013; Wei et al., 2018). Histopathological changes
due to chronic heat have also been reported in tissues
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such as intestines (Yu et al., 2010; Abdel-Rahman et
al.,, 2022; W.-C. Liu et al., 2022), muscles (Ohira et
al., 2017), liver (Ma et al., 2022; Tang et al., 2022),
lungs (Lin et al., 2019; Wu et al., 2023) and kidneys
(Aengwanich & Simaraks, 2004; Goto et al., 2022).
These studies and ours clearly demonstrate that heat
stress has a dramatic effect on tissue and organ stability
and functions, and can lead to organ failure.

Before the quantitative RT-PCR analysis of the
antioxidative and anti-inflammatory genes in the
hearts, the best reference gene as a normalizer for the
experiment was tested and selected accordingly. Three
endogenous reference genes were tested in this study:
GAPDH (glyceraldehyde 3-phosphate dehydrogenase),
B-actin (beta-actin), and RPL5 (ribosomal protein L5)
(Table 1). Our results showed that GAPDH was the
best gene normalizer for heart samples, as it had the
lowest and most consistent Ct values in both control
and heat-treated chicks (data not shown). Therefore,
GAPDH was chosen as the gene normalizer for the
quantitative RT-PCR in this study, which was consistent
with our recently reported study using retinal samples
(Bastaki et al., 2023).

Our results showed that the antioxidant factors
NRF2 and CAT had similar patterns of expression
under chronic and acute heat stress. Under chronic
stress, expression was upregulated only after the
2" week of heat treatment (Figure 4a and b). The
temperature recorded in the afternoon was 46 °C
after the 1t week of heat treatment and 52°C after
the 2mM week of heat treatment. Therefore, it is
possible that the rise in temperature in the 2" week
caused an increase in oxidative stress, which led to
increased expression of the antioxidative factors
NRF2 and CAT in the hearts of heat-stressed chicks.
However, after the 3¢ and 4" week of heat treatment,
the outdoor temperature was similar to that of the
2" week, but the expressions of NRF2 and CAT were
slightly reduced. The expression of NRF2 and CAT
under acute heat stress was similar and fluctuated
across the different treatment groups. The highest
expression of NRF2 and CAT was observed in the 3
week treatment group (2 h 15 min of heat exposure).

Our results confirmed that exposure to acute and
chronic heat stress induces oxidative stress in the
hearts of chicks. Heat-stress-induced oxidative stress
in the heart shows that the transcription factor NRF2
promotes the activity of the antioxidant enzyme CAT,
which is evidenced by the same pattern of gene
expression under chronic and acute heat stress. The
upregulation of NRF2 and CAT expression indicates

Effects of Chronic and Acute Heat Stress on the Cardiac
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that these genes are required to detoxify ROS in the
heart, thus helping to maintain redox homeostasis and
reduce oxidative stress under heat stress.

The findings of this study are in agreement with
those of previous studies that examined the effect of
chronic and acute heat stress on the oxidation status of
different tissues. In one study, the expression of NRF2
and CAT was elevated in mouse testes after exposure
to elevated ambient temperatures (42°C) for 2 hours
for twelve days. They found that the expression of
NRF2 and CAT varied, with the highest expression seen
after the first day of heat treatment; and that NRF2
protected against heat-induced oxidative stress in
mouse testes (Li et al., 2013). It has been shown that
NRF2 and CAT were upregulated in the liver of broilers
at different acute high ambient temperatures; thereby,
broilers have certain tolerance to oxidative stress
induced by high ambient temperatures (Q. Miao et al.,
2020). In addition, high ambient temperatures induce
spleen dysplasia in broilers through the activation of
the NRF2 pathway (C. Zhang et al., 2018). Based on
the literature, the effects of chronic and acute heat
stress-induced oxidative stress in the heart are limited,
and our study showed patterns seen in different tissues
in the heart.

Our results showed that under chronic heat stress,
the transcription factors of inflammation, NF-kB, and
its proinflammatory cytokine, LITAF, are sequentially
upregulated. After the 15t week of heat treatment, NF-
kB was significantly upregualted (p < 0.0001) in the
heat-stressed hearts, but its expression was reduced
in the 2" week, and after the 3 and 4™ weeks, the
expression was significantly downregulated (p < 0.001
and p < 0.0001, respectively) compared with the first
week of heat treatment and the control (Figure 5a).
In contrast, the expression of LITAF was upregulated
during the 2" and 3 weeks of heat treatment,
compared to the control (Figure 5b). Under acute heat
stress, the expression of NF-kB was generally higher
than that of LITAF across the different treatment groups;
however, both were downregulated in comparison to
the control (Figures 5c and d).

Previous studies have shown that acute and
chronic heat stress induce intestinal inflammation in
broiler chickens by stimulating the mRNA expression
of proinflammatory cytokines (Varasteh et al., 2015).
For example, a recent study showed that heat stress
increased intestinal inflammatory injury in chickens by
increasing the expression of NF-kB and TNF-o. (Tang
et al., 2021). Another recent study on the effects of
chronic heat stress on liver inflammatory injury showed
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that NF-kB and TNF-o. were upregulated in the livers
of heat-stressed broilers, compared with the controls
(Y.-L. Liu et al., 2022). In our study, we used LITAF as a
regulator of TNF-a. gene expression because only few
studies have been conducted on the effect of heat
stress on LITAF. One study showed that broilers exposed
to heat stress had higher expression of LITAF in the
jejunum and ileum than broilers kept in a comfortable
environment (Del Vesco et al., 2020).

The expression of Leptin during chronic heat
stress was very similar to that of NF-kB, as it was
also significantly upregulated (p<0.05) during the
1t week of chronic heat stress (Figure 5a and 6a).
Over the following weeks, the expression of both
genes declined. Many studies have reviewed the role
of Leptin as an inflammatory mediator in chronic
inflammation and immunity. Leptin induces the
secretion of proinflammatory and anti-inflammatory
cytokines via activation of the NF-kB signaling pathway
(Procaccini et al., 2009; Pérez-Pérez et al.,, 2020).
Thus, the significant high expression of Leptin and NF-
kB during the 1t week of chronic heat stress might
indicate a possible role of Leptin in inducing the NF-
kB inflammatory pathway in hearts with heat stress-
induced oxidation. The association between Leptin
and NF-kB has also been proven in other studies; for
example, Leptin showed anti-apoptotic properties on
neutrophils through nuclear NF-kB pathway (Sun et
al., 2013). A menstrual cycle model study showed an
inverse regression of NF-kB p65 activation on Leptin
concentrations in the initial follicular phase, as well as
in the mid-luteal phase (Faustmann et al., 2016). In our
study, Leptin was mostly expressed in treatment group
1 (45 min) among the acute heat stress groups, but
it was still downregulated compared with the control
group.

Previous studies have shown that Leptin induces
oxidative stress by overproducing ROS (Palomba et
al., 2015; Schroyen et al., 2012; Blanca et al., 2016;
Mahbouli et al., 2017; Shetty et al., 2022). It is possible
that the high expression of Leptin observed in our
study during the 1t week of chronic heat stress led
to increased ROS production in the following weeks,
corresponding to the peak in the expression levels of
NRF2 and CAT during the 2" week of heat treatment
(Figure 4a and b). Therefore, we believe that during
chronic heat stress, Leptin may play an important
regulatory role in inducing oxidative stress, and this
induction might be the reason for the upregulation of
the expression of antioxidative genes to detoxify ROS
in the heart.

Effects of Chronic and Acute Heat Stress on the Cardiac
Expression of Antioxidative and Anti-Inflammatory
Genes in Chicks

CONCLUSIONS

In summary, our study showed that heat stress
induces oxidation and inflammation in the hearts
of chicks. The induction of inflammatory and anti-
oxidation genes was observed more upon exposure to
chronic heat stress than upon acute heat stress, which
may confirm previous studies that show chronic heat
stress being generally more tolerated by animals than
acute heat stress. As far as we know, this is the first
study to report the expression of Leptin in the heart
upon exposure to heat stress.

The practical application of this study’s findings is
significant for understanding the impact of chronic and
acute heatstresson the hearts of chickens. By identifying
the specific oxidative and inflammatory responses in
chick hearts under different heat stress conditions, this
research can inform poultry farmers and veterinarians
on the risks associated with heat stress and strategies
to mitigate them. For example, implementing measures
to reduce exposure to prolonged heat stress in poultry
farming practices could help prevent cardiac tissue
damage and inflammation in chickens. Additionally,
the differential gene expression patterns observed in
response to chronic and acute heat stress could guide
the development of targeted interventions to enhance
antioxidant defenses and modulate inflammatory
responses in poultry under varying heat stress
conditions. Overall, this study contributes to advancing
the welfare and health management of chickens in the
context of heat stress, highlighting the importance of
proactive measures to protect against heat-induced
cardiac complications in poultry farming.
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