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ABSTRACT Heat stress (HS) is still the essential
environmental agent influencing the poultry industry.
Research on HS in poultry has progressively acquired
growing interest because of increased attention to cli-
mate alteration. Poultry can survive at certain zone of
environmental temperatures, so it could be considered
homoeothermic. In poultry, the normal body tempera-
ture is essential to enhance the internal environment for
growth, which is achieved by normal environmental
temperature. Recently, many studies have revealed that
HS could cause mitochondrial dysfunction in broilers by

inducing redox dysfunction, increasing uncoupling pro-
tein, boosting lipid and protein oxidation, and oxidative
stress. Moreover, HS diminished the energy suppliers
supported by mitochondria activity. A novel strategy
for combating the negative influences of HS via boosting
the mitochondria function through enrichment of the
diets with mitochondria enhancers was also described in
this review. Finally, the current review highlights the
mitochondria dysfunction induced by HS in broilers and
attempts to boost mitochondria functionality by enrich-
ing mitochondria enhancers to broiler diets.
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INTRODUCTION

International poultry meat production increased due
to its elevated nutritive significance, cheap cost, and
lack of cultural objections. Climate change represents an
important environmental menace to poultry health
(Uyanga et al., 2023). Therefore, several adaptation tri-
als have been exerted to aim at the increased global tem-
peratures (World Bank, 2013). A prolonged increase in
international heat is predicted to create marked harmful
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influences on the ecosystem, animals, and humans. High
ambient temperature is a growing dangerous issue in the
poultry industry (Uyanga et al., 2023). The optimum
thermal zone for broilers is 16°C to 26°C and if the exter-
nal temperature surpasses the thermoneutral zone, it
causes heat stress (HS) in poultry (Bin-Jumah et al.,
2020). Additionally, HS can adversely affect several
poultry species’ health, growth, reproduction, and pro-
duction (Kim et al., 2021).

So, nutritional strategies are done to alleviate the
influences of the increased temperature of the environ-
ment on the nutrient intake of poultry. These manipula-
tions are indispensable to recovering the decreased feed
intake, reducing heat production, and lowering meta-
bolic alterations (Abd El-Hack et al., 2020). Moreover,
adding antioxidants to the diet is essential to enhance
performance, decrease internal thermal elevation, and


http://orcid.org/0000-0002-2831-8534
http://orcid.org/0000-0002-2831-8534
http://orcid.org/0000-0002-2831-8534
https://doi.org/10.1016/j.psj.2023.103218
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dr.mohamed.e.abdalhaq@gmail.com

2 ALGOTHMIET AL.

ameliorate the harmful influences of elevated environ-
mental temperature (Abdelnour et al., 2020; Bin-Jumah
et al., 2020). Heat stress activates oxidative stress lead-
ing to mitochondrial injury (Mujahid et al., 2006;
Rhoads et al., 2013). A significant exertion in animal
biology exploration is intended to understand how ani-
mals adapt and respond to environmental stimuli,
including high ecological temperature (Chen et al.,
2023b; Schreier, 2023), and thus the eventual aim to
improve these responses for animal production (Xu
et al., 2019).

Mitochondria are pivotal in energy metabolism, com-
prising oxidative phosphorylation (OXPHOS) and
substrate oxidation. Under HS, impaired mitochondria
resulting from high temperature (Chen et al., 2023a) or
elevated reactive oxidative stress (ROS) production
may lead to energy-metabolic alterations (Mujahid
et al., 2006). Mitochondrial malfunction may reduce the
mitochondrial oxidation of carbohydrates and lipids.
Many investigations proved that changes markedly
influence meat quality in energy metabolism (Chen
et al., 2022, 2023a). The major resource of cellular ROS
is the electron transport chain of the mitochondria
induced by HS. The suppression of the respiratory chain
by mutation, damage, loss of cytochrome c, or ischemia
will result in ROS release (Hu et al., 2023) (Figure 1).

The reduction of the avian uncoupling protein
(avUCP) synthesis and the decrease of the mitochon-
drial respiratory chain complex activity are the mecha-
nisms by which ROS produced in chickens (Hu et al.,
2023) and may be accompanied by mitochondrial injury
(Zhang et al., 2018a; Ouyang et al., 2022; Chen et al.,
2023a,b). In chicken, recent investigations have revealed
that excess ROS production from mitochondria under
HS conditions may lead to a reduction in mitochondria
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function, promoted substrate oxidation, and down-regu-
lation of avUCP and change some linked genes related
to mitochondria competence (Li et al., 2019; Liu et al.,
2019; Muvhulawa et al., 2022; Ouyang et al., 2022). The
objective of the current criticism is to scrutinize the HS
influences on the mitochondria function and highlight
the potentiality of using some mitochondria enhancers
for promoting thermotolerance in heat-exposed chickens.

SEARCH STRATEGY

For this review, we searched for published articles on
HS affecting poultry from PubMed, ScienceDirect, Google
Scholar, and Web of Science up to 2023. All keywords
were clustered into 7 groups which included investigations
on “HS,” “oxidative stress,” “broiler,” “immune response,”’
“mitochondria function,” “mitophagy,” and “mitochondria
enhancers” as current research hotspots.

MITOCHONDRIA FUNCTION

Mitochondria produce up to 90% of the energy (i.e.,
Adenosine triphosphate (ATP)) essential for the cellular
system through OXPHOS. They are indispensable in
sustaining cellular homeostasis (Li et al., 2019). Further-
more, they play a role in coordinating nutrient partition-
ing during growth, intracellular Ca*" metabolism, and
egg formation, modifying cellular stress responses, and
controlling cell apoptosis (Zhang et al., 2016; Uyanga
et al., 2022).

Mitochondria are the energy factories of the eukar-
yotes, which produce ATP through the OXPHOS cycle,
including F1FO-ATP synthase and 5 complexes. Cyto-
chrome ¢ oxidase (CCOj; complex IV) activates the
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Figure 1. Exposing the broiler to heat stress conditions instigated mitochondria dysfunction via generating mitochondria oxidative stress, alter-
ing uncoupling proteins, redox imbalance and induced lipid and protein oxidation.
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Figure 2. The oxidative phosphorylation process for generating ATP molecules in the mitochondria system.

transport of electrons from reduced cytochrome c to
molecular oxygen (the last electron acceptor) (Figure 2)
(Dhar and Wong-Riley, 2009; Zhang et al., 2016). The
enzyme activity in the respiratory chain and mitochon-
drial biogenesis increases in stressed cells (Liao et al.,
2022). Therefore, the mitochondrial protein amount and
activity of CCO could be utilized as markers of mito-
chondrial role in animals (Zhang et al., 2016; Uyanga
et al., 2022). Acute HS induced a marked reduction in
the mitochondrial proteins in the broiler (Zhang et al.,
2016).

HEAT STRESS INDUCES MITOCHONDRIAL
DYSFUNCTION

Heat stress causes oxidative stress, which results in
mitochondrial dysfunction (Tables 1 and 2). Firstly,
acute HS increases the activity of the electron transport
chain and levels of mitochondrial substrate oxidation,
leading to excess ROS production. After that, acute HS
downregulates uncoupling proteins (UCPs) and exag-
gerated ROS deteriorates the DNA, lipid, and protein,
causing mitochondrial dysfunction. However, chronic
HS lowers the mitochondrial metabolic capacity because
of the antioxidant enzymes’ downregulation, UCPs’
upregulation, and depletion of the body’s antioxidants,
which accumulate ROS, activating oxidative stress
(Chen et al., 2023a) (Figure 3). Liao al. (2022) suggested
that mitochondrial dysfunction has marked influences
on the broiler industry due to the depression of the

mitochondrial respiratory chain by the acute HS (Chen
et al., 2023a), which results in excessive ROS leading
to oxidative stress (Yang et al., 2010).

Lipid Peroxidation

In broiler, several investigations have reported that
acute and chronic HS initiated significant elevation of
lipid peroxidation represented by increased malon-
dialdehyde (MDA) in the plasma (Uyanga et al.,
2022) (Figure 4). The amount of lipid peroxidation
was considerably augmented in both mitochondria
and muscles in the stressed broiler (P < 0.05) (Liao
et al., 2022). In an earlier investigation, Tan et al.
(2010) found that exposing the broiler to a high tem-
perature (23°C—38°C with RH = 70%) induced a sig-
nificant elevation in hepatic MDA compared with the
control (25°C). Broiler exposed to HS (7 d, 32°C)
exhibited higher MDA values in breast muscle com-
pared to the control group (Lu et al., 2017).

Broiler exposed to HS (36°C + 2°C; 8 h/d lasted for 1
or 2 wk) had superior values of MDA than the control
group (25°C =+ 2°C; 24 h/d) (Wang et al., 2019). It has
been clarified that the MDA values were increased signi-
ficate by 37.3, 12.5, and 40% in serum, and both tissues
of the liver and ileum of broiler after exposure to HS,
respectively (Ouyang et al., 2022). In a recent investiga-
tion by Chen et al. (2023a), they found that the broiler
exposed to HS (34°C) had higher levels of MDA than the
treated group (rutin 0.5 g/kg feed). Moreover, the MAD
values were significantly increased by 20% compared to
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Table 1. The main findings summarized from previous literature are related to the effects of heat stress on lipid and protein peroxida-
tions, reactive oxygen species, redox balance and mitochondria function in broilers.

Item

HS condition

Main findings

References

Lipid peroxidation

Protein oxidation

ROS

Mitochondria redox balance

Broiler kept at control (23°C) and
HS group (38°C); RH 70%, for 7 d
Broiler exposed to (36°C =+ 2°C;
8 h/d lasted for 7-14 d.

Acute HS (34°C £ 1°C, 24 h)

Embryo chicken exposed to HS con-
ditions (39.5°C for 6 h)

Broiler exposed to 34°C & 1°C for 8
h/d

Broiler exposed to HS (34°C)

Broiler exposed to cyclic HS (34°C
for 8 h and 24°C for 16 h)

Broiler exposed to HS (38°C; RH
70%)

Chicken embryo hepatocytes (39.5°
C heat stress for 6 h)

Broilers exposed to high tempera-
ture (34°C & 1°C for 8 h and 22°C
+ 1°C for the remaining time) for
20d

HS (74, 32°C)

Broiler exposed to HS (36°C + 2°C;
8 h/d lasted for 1 or 2 wk)
HS (39.5°C for 6 h)

Broiler chickens (34°C for 8 h)

Acute HS (34°C & 1°C, 24 h)

HS (34°C)

HS 35°C £ 2°C

Heat stress conditions (39.5°C HS
for 6 h)

Significantly increased in hepatic MDA compared
to the control group.

Broiler exposed to HS exhibited higher values of
MDA in breast muscle compared to the control
group.

The values of MDA were significantly increased
by 37.3%, 12.5%, and 40% in serum and both tis-
sues of the liver and ileum of broiler after exposure
to HS, respectively.

HS conditions enhanced the MDA levels in the
hepatocytes of chicken embryo.

The levels of MDA were significantly increased by
20%.

Superior levels of MDA and hydrogen peroxide
were also observed in the serum of HS group.
Broiler exposed to HS had higher levels of MDA
than the treated group (rutin 0.5 g/kg feed).

The levels of MDA were significantly increased by
20% in the hepatic broiler’s control group after
exposure to HS (35°C & 2°C).

High-temperature conditions (cyclic HS)
increased (P < 0.05) hepatic MDA values in
broilers.

Elevation in hepatic protein carbonyl was noticed
in the HS group.

An increase in the protein carbonyl of hepatic tis-
sues after exposure to HS.

HS conditions significantly increased the protein
carbonyl levels in chicken embryo hepatocytes.
Acute HS instigated a marked ROS release.
Broilers exposed to high temperatures signifi-
cantly elevated ROS in the hepatocytes.

Compared to the control group, there were signifi-
cantly higher values of ROS in broiler breast mus-
cle exposed to HS.

HS induced superior values of ROS than the con-
trol group (25°C =+ 2°C; 24 h/d) in broilers.

HS conditions enhanced the ROS and 8-OHdG
(DNA marker damage) levels in chicken embryo
hepatocytes.

Mitochondrial GSH levels were reduced signifi-
cantly in the livers of heat-stressed broilers.

HS diminished the antioxidant reactions through
the NF-E2-related factor 2 (Nrf2) signaling path-
way.

HS inhibited the gene expression of Prz3, TrzR2,
and Trz2, which are related to redox balance in
mitochondria.

HS diminished the activities of GSH-Px, CAT,
SOD, and TAC in hepatic and ileum tissues of
stressed broilers.

Acute HS exposure resulted in elevated expression
of GPx1 and Nrf2in the ileum of the small intes-
tine and HO-1, NQO1, and Nrf2in the hepatic tis-
sues compared with the control group.

Stressed broiler had inferior SOD, GPx, and TAC
levels than the treated group (rutin 0.5 g/kg feed).
Stressed broiler had inferior hepatic antioxidant
indices such SOD (433.3%), and GPx ({38.46%),
as compared with the control group (23°C £ 2°C).
HS induced (34°C + 1°C for 8 h/d) intestinal bar-
rier dysfunction and antioxidant capacity in
broilers.

Chicken exposed to high temperature showed
inferior SOD, TAC, GSH-Px, CuZn-SOD, and
CAT activities.

Tan et al. (2010)

Luet al. (2017)

Ouyang et al. (2022)

Zhang et al. (2022)

Deng et al. (2023)

Chen et al. (2023b)

Bai et al. (2023)

Saracila et al. (2023), Tan et al. (2010)

Zhang et al. (2015), Zhang et al. (2022)

Zhang et al. (2018a), Zhang et al. (2018b)

Luet al. (2017)

Wang et al. (2019)

Zhang et al. (2022)

Zhang et al. (2018a), Zhang (2018b)

Ouyang et al. (2022)

Chen et al. (2023a)

Ding et al. (2023)

Zhang et al. (2022)

(continued)
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Table 1 (Continued)

Item HS condition

Main findings

References

Mitochondrial activity -

Acute heat stress

® Stressed broilers experienced significant ATP lev-

els reductions, complexes I and III activities, rela-
tive MMP (mitochondrial membrane potential),
and swelling.

Upregulated the mitochondrial membrane poten-
tial (increased the acceleration of energy con-
sumption and activated mitochondria to produce
more energy).

Acute heat stress caused an upregulation in the
broilers’ mitochondrial membrane potential due
to increased energy consumption and mitochon-

drial activation, resulting in increased energy pro-

duction.

Liao et al. (2022)

Uyanga et al. (2022)

Table 2. The main consequences of using some mitochondria enhancers on stressed broiler.

Mitochondria enhancers HS condition and doses

Main findings

References

L-citrulline Acute HS (34°C &+ 1°C, 24 h); broiler-
given basal diets enriched with 1% L-

citrulline

Curcumin Broiler given 50, 100, or 200 mg/kg
diet under HS conditions

Resveratrol Stressed broiler given 400 mg/kg diet/
35°C+£2°Cfor7d

Tryptophan Stressed broiler received 0.18%

Downregulated the mRNA, cytochrome C
oxidase subunit 3, mitochondrial transcrip-
tion factor A, and ATP synthase F1 subunit
beta (ATP58) in the breast muscle as
response to acute HS.

Promote the immune dysfunction of broilers
exposed to HS.

Promote muscle ATP generation and mito-
chondria function.

Significantly increased the expression of anti-
oxidant related genes such as Nrf2, GSH-Pr,
GST, HO-1, and y-GCLc after dietary inclu-
sion of curcumin.

A significant improvement in the expression
of SOD and CAT genes after dietary
inclusion.

Decreased the ROS production was also
observed in treated groups.

Curcumin supplemented with stressed broiler
diets significantly increased the MMP,
mtDNA copy number, and ATP amounts.

Enhance the hepatic antioxidant function by
activating the Nrf2-Keapl signaling pathway
to promote growth performance in the broiler.
Activating the gene and protein levels of Nrf2
and HO-1.

Enhancing NQO1 and SOD1 gene levels,
Decreasing protein levels of HSP70, p62, and
Keapl,
Alleviated
broilers.

liver injury in heat-stressed

Changeable antioxidant states as response to
tryptophan dietary inclusion.
Increasing mitochondrial —function-related

gene expressions in broilers.

Uyanga et al. (2022)

Zhang et al. (2018a), Zhang et al.
(2018b)

Chen et al. (2023a), Ding et al. (2023)

Ouyang et al. (2022)

the hepatic broiler group after exposure to HS

(35°

while studying lipidomics as a new tool of omics is

C £ 2°C) (Ding et al., 2023). Moreover, Deng et al.
(2023) indicated that broiler reared under high tempera-
tures (34°C £+ 1°C for 8 h/d) had superior MDA levels
and hydrogen peroxide (HyO3) as compared with the
control one (24°C =+ 1°C). HS conditions (39.5°C for 6 h)
enhanced the MDA levels in chicken embryo hepato-
cytes (Zhang et al., 2022). High-temperature conditions
(cyclic HS at 34°C for 8 h and 24°C for 16 h) increased
(P < 0.05) hepatic MDA values in broilers (Bai et al.,
2023). Totally, HS induced significant levels of MDA,

needed.

Reactive Oxygen Species

Heat stress generates high ROS, deactivating the
body’s antioxidant systems (Abd El-Hack et al., 2020).
The substrate end of the respiratory chain in the inner
membrane of mitochondria is one of the major ROS
resources (Abdelnour et al., 2019), where the electrons’
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Figure 3. The effect of acute and chronic heat stress on the mitochondrial functions.

transfer to O, is done by mitochondrial electron transport
chain complexes (Sheiha et al., 2020). The results of
Yang et al. (2010) on broilers exposed to acute stress
have revealed that acute HS initiated a marked ROS
release. Broilers exposed to high temperature (34°C + 1°
C for 8 h and 22°C £ 1°C for the remaining time) for 20
d had a significant elevation in ROS. They significantly
decreased the mitochondrial membrane potential
(MMP) in the hepatocytes (Zhang et al., 2018a). Broiler
exposed to HS (7 d, 32°C) exhibited higher ROS values in
breast muscle compared to the control group (Lu et al.,
2017). Moreover, broiler exposed to HS (36°C + 2°C;
8 h/d lasted for 1 or 2 wk) had superior values of ROS
than the control group (25°C  + 2°C; 24 h/d) (Wang

et al., 2019). Heat stress conditions (39.5°C HS for 6 h)
enhanced the ROS and 8-OHdG (DNA marker damage)
levels in chicken embryo hepatocytes (Zhang et al., 2022).

Protein Oxidation

Protein carbonyls are the main biomarker for the oxida-
tive destruction of protein. Subsequently, they highpoint
cellular impairment instigated via diverse kinds of ROS
(Bozaykut et al., 2013). Heat stress might boost the pro-
tein oxidation in the cellular system, thus increasing the
ROS in the mitochondria matrix, thus causing mitochon-
dria damage. A study by Liao et al. (2022) found that HS
induced a higher extent of protein oxidation in both

«\"‘a“e

Protein 0,-
oxidation

Lipid perioxidation
HOO-
_ROS HoO-
,"' 0,-
A H,0.
Ho-* 7,

Figure 4. Involvement of heat stress-induced lipid peroxidation, oxidative stress, and protein oxidation at the mitochondria cavity.
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mitochondria and muscles of stressed broiler (P < 0.05).
Previously, Tan et al. (2010) found that exposing the
broiler to high temperature (23°C —38°C with RH = 70%)
induced a significant elevation in hepatic protein carbonyl
(PC) compared with control (25°C). Saracila et al. (2023)
found that significant increase in the PC of the hepatic tis-
sues of the broiler after exposure to HS (32°C &+ 2°C). HS
conditions (39.5°C HS for 6 h) enhanced the PC levels in
chicken embryo hepatocytes (Zhang et al., 2022). The
same results were evidenced by Bai et al. (2023), who
found that cyclic HS (34°C for 8 h and 24°C for 16 h)
decreased significantly (P < 0.05) hepatic superoxide dis-
mutase (SOD), total antioxidant capacity (TAC), and
glutathione peroxidase (GPx) values in broilers.
Understanding the proteomics alterations induced by
HS is needed for further clarifications for detecting the
signaling pathways related to this matter and could dis-
cover a suitable strategy for alleviating HS in animals.

Redox Status of Mitochondria

As previously indicated by Liao et al. (2022), HS
diminished the antioxidant system in the mitochondria
of muscle in the stressed broiler. Moreover, mitochon-
drial glutathione (GSH) levels were reduced signifi-
cantly in the livers of heat-stressed broilers (Zhang
et al., 2018b). Furthermore, the same authors indicated
that HS diminished the antioxidant reactions through
the NF-E2-related factor 2 (Nrf2) signaling pathway
(Zhang et al., 2018b). The endogenous antioxidant sys-
tem of mitochondria relies on both the thioredoxin
(TRX)/peroxiredoxin (Prx) and glutathione/glutare-
doxin families. The Trx/peroxiredoxin system comprises
Trx2, Prx3, and TrxR2, which are the particular loca-
tions in the mitochondria providing the initial defense
mechanism against hydrogen peroxide and superoxide
released by ROS (Patenaude et al., 2004). Pérez et al.
(2008) indicated that the Trz2 overexpression directly
resisted mitochondrial dysfunction in oxidative-stressed
cells. In broiler, Zhang et al. (2018a) reported that HS
inhibited Prx3, TrxR2, and Trx2 gene expression. HS
diminished the GSH, CAT, SOD, and TAC in hepatic
and ileum tissues of stressed broilers (Ouyang et al.,
2022). Acute HS exposure resulted in elevated expres-
sion of Gpx1 and Nrf2in the ileum of the small intestine;
heme oxygenase 1 (HO-1), NADPH quinone oxidore-
ductase (NQO1 ), and nuclear factor E2-related factor 2
(N7f2) in the hepatic tissues compared with the control
group (P < 0.05) (Ouyang et al., 2022). The same results
have been clarified by Chen et al. (2023a), who found
that the broiler exposed to HS (34°C) had inferior levels
of SOD, GPx, and TAC than the treated group (rutin
0.5 g/kg feed). Broiler exposed to HS (35°C £ 2°C) had
inferior hepatic antioxidant indices such SOD ({33.3%),
and GPx (]38.46%), as compared with the control
group (23°C £ 2°C) (Ding et al., 2023). Moreover, Deng
et al. (2023) clarified that HS-induced (34°C £ 1°C for 8
h/d) intestinal barrier dysfunction and antioxidant sta-
tus in broilers. Moreover, chicken exposed to HS (39.5°C

HS for 6 h) showed inferior SOD, TAC, GSH-Px, CuZn-
SOD, and CAT activities (Zhang et al., 2022).

Mitochondrial Activity

The primary indicator of mitochondrial function is the
MMP, as it represents the activities of OXPHOS and
electron transport, which are responsible for the produc-
tion of ATP. The MMP is crucial for maintaining mito-
chondrial balance, cellular viability, and overall health
by removing damaged mitochondria. If severe energy
deficits occur, MMP dissipation or loss may lead to cell
death through necrosis or trigger apoptosis (Iijima,
2006) (Figure 5). As noted by Liao et al. (2022), stressed
broilers experienced significant reductions in ATP levels,
relative MMP, and activities of complexes I and III.
According to Ouyang et al. (2022), acute HS exposure
caused a marked rise (P < 0.05) in the liver’s MMP of
broiler chickens as opposed to the control group. Mito-
chondria are the primary energy generator and crucial
in maintaining proper functioning. the membrane poten-
tial of mitochondria is an essential parameter that
reflects mitochondrial health, and a decrease in the
potential is an early sign of apoptosis (Kikusato and
Toyomizu, 2013). In this work of Ouyang et al. (2022),
acute HS caused an upregulation in the broilers’ MMP
due to increased energy consumption and mitochondrial
activation, resulting in increased energy production.
Previous studies on birds and pigs that may experience
stress under certain conditions have reported similar
findings (Ttami et al., 2018).

Mitochondrial Function-Modulating Genes
Expression

Energy Supplies (ATP Synthase F1 Subunit Beta)
Mitochondria are frequently pronounced as the “power-
house” of the cell. They comprise the molecular
pathways that administrate several distinctive meta-
bolic paths within these organelles, counting Krebs
cycle, fatty acid B-oxidation, pyruvate oxidation, and
OXPHOS (Hafen et al., 2018). Moreover, it helps the
cellular system to regulate homeostasis, redox balance
(Campos et al., 2017), regulation of bioenergetics paths
and cellular metabolism (Senyilmaz et al., 2015). The
multivariable function of mitochondria has increasingly
emphasized the excessive importance of such organelle
in biomedicine. In this sense, mitochondrial function
modulates touch-instigated fluctuations in genetic regu-
lation directly via altered regulatory complexes and indi-
rectly via altering energy supplies for cellular
metabolism (Campos et al., 2017). Heat stress can
induce changes in the mitochondria functionality via
modifying genetic regulation.

Uyanga et al. (2022) studied the effects of HS on
broilers and observed a downregulation (P < 0.05) in the
peroxisome proliferator-activated receptor y coactivator
l- and ATP synthase F1 subunit beta (ATP58)
mRNA levels. Broilers exposed to HS also had lower
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Figure 5. Heat stress-induced changes in mitochondria activity (MMP) could affect the mitochondria homeostasis, viability and induce necrosis
and apoptosis, limiting the production of ATP. MMP, mitochondrial membrane potential.

ATP levels than the control group, as reported by Zhang
et al. (2018a). Additionally, Zheng et al. (2023) found a
positive correlation between ATP levels and mitochon-
drial DNA (mtDNA) number, resulting from mito-
chondrial dysfunction in the liver. The final stage of the
mitochondrial respiration chain involves cyclooxygenase
(COX) and Cyt-c and impacts the generation of ATP
and ROS and their elimination (Sena and Chandel,
2012). However, AMP-activated protein kinase
(AMPKa) was significantly reduced under HS condi-
tions, accompanied by a decrease in acetyl-CoA carbox-
ylase (ACC) phosphorylation level and mast cell
protease-1 (M-CPT1) mRNA expression (Huang et al.,
2021), indicating that mitochondrial fatty-acid oxida-
tion was diminished in HS experienced group. This ulti-
mately decreased ATP synthesis and reduced energy
supply (Harley et al., 2022). Using proteomics analysis,
Wang et al. (2023) found that exposed chicken embry-
onic to acute HS (42°C for 4 h) exhibited significant
changes in the multiplicity of biological regulatory path-
ways affected by electron transport chain and mitochon-
drial ATP synthesis, which in term that HS instigated
anomalous energy metabolism of primary chick embry-
onic (Wang et al., 2023). The changes in the cellular pro-
teins under HS conditions might support the discovery
of a new strategy to mitigate these detrimental effects,
which will be a significant mission for researchers.

Uncoupling Proteins The uncoupling protein in mam-
mals has been widely researched for several years. It
belongs to a transporter group of proteins localized in
the inner membrane of mitochondria (Mujahid et al.,
2006). In addition, UCP can disperse the proton gradi-
ent in mitochondria, causing uncoupling of respiration

from ATP synthesis, and is a key regulator of thermo-
genesis in small rodents (Claypool, 2009). The uncou-
pling protein 1 is exclusively found in brown adipose
tissue and is pivotal in generating heat, especially heat
production, due to exposure to cold temperatures and
dietary factors (Ferramosca and Zara, 2013). Recently,
researchers discovered avUCP. This protein has a 71%
to 73% similarity in its amino acid structure to UCP2
and UCP3 in the skeletal muscles of chicken (Davoodi
et al., 2023). The avUCP expression increased in chick-
ens and ducklings adapted to cold temperatures (Muja-
hid et al., 2006). In male birds, the increased expression
of avUCP may be accompanied by elevated stress recep-
tivity due to the fast growth rate of males (Mujahid
et al., 2006). In another experiment, it was suggested
that the proper manifestation of avUCP could reduce
the superoxide excessive generation by mitochondrial
and assists birds in adapting to oxidative stressors
caused by sudden HS (Mujahid et al., 2007). Uyanga
et al. (2022) found that during HS conditions, avUCP
mRNA expression in the muscle of broiler breast was
downregulated (P < 0.05). This reduction in avUCP
expression was consistent with investigations showing
that HS can decrease UCP gene expression in chickens
(Zeng et al., 2022). The avUCP has been found to ame-
liorate the redox state by reducing the membrane poten-
tial of mitochondria through leaking protons on the
inner membrane of mitochondria. This process enhances
the efficiency of ATP synthesis. In contrast, avUCP
expression is downregulated during HS to increase ATP
synthesis efficiency in the HS group after 7 d of heat
exposure (Zhang et al., 2022). It was previously sug-
gested that increased avUCP expression could limit
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mitochondrial ROS generation by enhancing proton
backflow in the mitochondrial sheet (Lu et al., 2017).
Mitochondrial Respiration According to Tan et al.
(2010), broilers exposed to high ambient temperatures
of 32°C to 38°C with 70% relative humidity exhibited
impaired mitochondrial respiratory chain function com-
pared to the thermoneutral zone. The authors found
that respiratory chain complex activities, especially
CCO and NADH-cytochrome ¢ reductase (NCCR), but
not succinate-cytochrome ¢ reductase (SCCR), were sig-
nificantly hindered in the hepatic tissues of broilers
exposed to these high temperatures. Wang et al. (2023)
explored chick embryonic myocardial cells exposed to
HS condition (42°C for 4 h) and exhibited OXPHOS,
metabolism, and apoptosis changes (Wang et al., 2023).
Moreover, these differentially expressed proteins are
involved in a multiplicity of biological controlling path-
ways, which considerably influenced the electron trans-
port chain, OXPHOS, and mitochondrial ATP
synthesis, which implicit that HS instigated abnormal
energy metabolism of chick embryonic (Wang et al.,
2023).

MITOCHONDRIAL FUNCTION GENES

According to Uyanga et al. (2022), exposure to high
temperatures caused a downregulation (P < 0.05) in
mRNA expressions of CCO subunit 3, mitochondrial
transcription factor A, and ATP58 across muscle of
broiler breast. This suggests that sudden exposure to HS
can decrease mitochondrial respiratory chain activity, as
previously noted by Yang et al. (2010). In another work,
Zhang et al. (2015) reported that exposure to HS can
reduce the mRNA expressions proliferator-activated
receptor y coactivator la of peroxisome, nuclear respira-
tory factor 1 and 2, and mitochondrial transcription fac-
tor A in broilers while causing a significant increase in
heat shock protein 70 (HSP70) in breast muscle. Mito-
chondrial biosynthesis is dependent on the synchronized
operation of genetic material from both the nucleus and
the mitochondria., with PGC-1la being a crucial tran-
scription factor in the process of generating mitochon-
dria and regulating energy metabolism, whereas TFAM
and Nrfl are necessary for both transcription and repli-
cation of mtDNA (Dhar and Wong-Riley, 2009).

Sirtuin 1 is a deacetylase that enhances the activity
and functionality of mitochondria (Bai et al., 2011).
NAD-+ is a metabolite of TRP that is crucial in many
enzymatic redox statuses, mitochondrial structures,
health, and performance. The dietary addition of certain
natural molecules to broiler diets has been reported to
prevent impairment of biogenesis and improve mito-
chondria function (Itami et al., 2018). In hepatic tissues
of broilers raised under acute HS, the mRNA expressions
peroxisome proliferator-activated receptor-y coactiva-
tor-la (PGC-1a), Cyt-c, COX1, Cytochrome C Oxi-
dase Subunit 5A, and Sirtuin 1 genes were decreased
(Yue et al., 2017; Ouyang et al., 2022).

MITOCHONDRIA DNA

The 37 genes in mitochondrial DNA are all essential
for regular mitochondrial function, and studies have dis-
played that mitochondrial dysfunction is accompanied
by reduced mtDNA quality (Zheng et al., 2023). This
suggests that mitochondrial dysfunction may be a
potential reason for the reduced growth performance
and feed efficiency detected in heat-stressed broilers
(Chen et al., 2023a). Heat stress can induce oxidative
stress in mtDNA (Chen et al., 2023b), reducing mito-
chondrial efficiency and repeated ROS eruptions, further
aggravating mitochondrial dysfunction (Zheng et al.,
2023). Therefore, mtDNA changes are the main mecha-
nism of mitochondrial dysfunction (Chen et al., 2023b).
Studies have shown that HS can reduce mtDNA and dis-
rupt mtDNA replication (Li et al., 2019; Chen et al.,
2023b). Additionally, acute HS effects on the broilers’
livers were found to decrease the mtDNA copy number
(Ouyang et al., 2022), but this effect was prevented by
tryptophan (TRP) supplementation. Another recent
study showed that HS at 34°C caused mitochondrial
damage in broilers by decreasing mtDNA number and
altering mitochondrial morphology (Chen et al., 2023a)
(Figure 6).

MITOCHONDRIA-ASSOCIATED GENES

According to Lu et al. (2017), the exposure of
broilers to 32°C heat for 7 d had elevated mRNA
expressions of ACC, Pyruvate Dehydrogenase Kinase
4 (PDK4), and FAS while significantly decreasing
M-CPT1 mRNA expression in breast muscle. Car-
valho and Moreira (2023) found that a 7-d heat expo-
sure activated AMPK and increased CS activity and
the M-CPT1 mRNA expression, increasing energy
production by activating the tricarboxylic acid cycle
and the B-oxidation of fatty acids. However, Shah-
cheraghi et al. (2023) noted that increased mitochon-
drial energy generation inevitably led to higher ROS
levels due to the high potential difference across the
mitochondrial membrane and oxygen levels. Wang
et al. (2022) reported that mitochondrial fatty-acid
oxidation is partially controlled via AMPK pathways,
which inactivate mitochondrial ACC through phos-
phorylation, leading to raised Carnitine palmitoyl-
transferase I (CPT 1) activity, reduced malonyl-CoA
concentration, and an enhanced influx of long-chain
fatty acids to undergo oxidation into mitochondria.
Wang et al. (2019) noted an upsurge increase in the
expression of ABCG2 mRNA in broilers at the end of
the second week of HS. Chen et al. (2023a) reported
that HS significantly augmented the expression of
mitophagy-associated genes and proteins, including
Parkin, PTEN-induced putative kinase 1 (PINKI),
and LC3-II in broilers. Additionally, Zhang et al.
(2022) found that broilers exposed to HS had lower
levels of HSP70.
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MITOCHONDRIA ENHANCERS
L-Citrulline

L-Citrulline is an amino acid that does not form part
of proteins and helps recycle arginine and muscle protein
synthesis. According to Uyanga et al. (2022), in the
heat-stressed broiler, the expression of CCO subunit 3,
mitochondrial transcription factor A, and ATP58
mRNA were significantly reduced (P < 0.05) (Uyanga
et al., 2022). On the other hand, the same study found
that adding L-Citrulline to the diet of broiler chickens
during HS can reduce body temperature, limit lipid per-
oxidation, and enhance immune function (Uyang et al.,
2022). L-Citrulline may also promote ATP production
and improve mitochondrial function in the muscles of
broilers exposed to HS (Figure 7).

Curcumin

Curcumin is a bioactive substance extracted from tur-
meric, known for its pharmacological properties, such as
antioxidant and hepatoprotective activities (Gayathri
et al, 2023). In broilers exposed to HS, curcumin
increased Nrf2 expression, GSH-Px, GST, HO-1, and
y-GCLc in the hepatic tissue and improved Cu/ZnSOD
and CAT expression in a dose-dependent manner
(Zhang et al., 2018b). Curcumin also decreased ROS
production while increasing MMP, mtDNA copy num-
ber, ATP amounts, and MnSOD in the hepatocytes of
heat-stressed broilers. These effects were due to the stim-
ulation of mitochondrial Trx2/Prx3 family members
and MnSOD, which improved mitochondrial function
against stressors (Zhang et al., 2018a).

Tryptophan

Tryptophan is a functional amino acid crucial in
broilers’ maintenance, reproduction, and immunity
(Mund et al., 2020). Increasing dietary intake of TRP
improved broiler growth, feed efficiency, and immunity
while mitigating oxidative and sudden chronic stress
(Yue et al., 2017). Similarly, in piglets exposed to HS,
TRP supplementation raised the antioxidant capacity
and function of the intestine and mitochondria (Liu
et al., 2019). Ouyang et al. (2022) reported that adding
0.18% TRP to the diet of broilers provides beneficial
effects in defending against oxidative stress induced by
sudden exposure to high temperature and mitochondrial
malfunction. This protective effect is achieved by modu-
lating antioxidant levels and increasing the expression of
mitochondrial function-related genes.

Rutin

Rutin is a light yellow or light green needle or crys-
talline powder that is found in many foods and
medicinal plants. It possesses therapeutic properties
such as immunomodulatory, anti-inflammatory, anti-
oxidant, and anticancer effects (Muvhulawa et al.,
2022). According to Chen et al. (2022), including
rutin in the diet improved broilers’ intestinal func-
tion, immunity, and antioxidant capabilities, enhanc-
ing their growth and feed efficiency. When broilers
were fed rutin (500mg/kg) under stress conditions
(34°C), the antioxidant capacity (SOD, GPx, TAC)
was enhanced and MDA values were decreased (Chen
et al., 2023a). Moreover, rutin alleviated HS-induced
mitochondrial impairment by promoting
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mitochondrial morphology and mDNA (Chen et al.,
2023a). The same authors also found that dieting
rutin greatly raised certain mRNA molecules related
to creating mitochondria, including PGC-Ia, Nuclear
respiratory factor 1 (NRF1), and mitochondrial tran-
scription factor (TFAM). This effect was achieved via
the AMPK signaling pathway.

Resveratrol

Resveratrol is a plant-derived polyphenol with anti-
inflammatory and antioxidant properties commonly
used to suppress oxidative stress-related diseases.
According to a study by Ding et al. (2023), feeding
broilers with resveratrol at a concentration of
400 mg/kg in their diet can boost hepatic antioxidant
capacity by activating the signaling pathway of Nrf2-
Keapl, leading to better broiler growth under HS condi-
tions (35 £ 2°C for 7 d). Additionally, resveratrol was
detected to lower hepatic oxidative stress by enhancing
the Nrf2 and HO-1 gene and protein levels, increasing
the levels of NQO1 and SOD1 genes, and reducing the
HSP70, p62, and Keapl protein levels, thereby

improving hepatic damage in heat-stressed broilers
(Ding et al., 2023).

CONCLUSION

Heat stress is a severe stressor that can cause mito-
chondria dysfunction, negatively affecting broiler pro-
duction. Mitochondrial dysfunction is closely linked to
high oxidative stress, low antioxidant capacity, and a
reduction in the supply of energy to the mitochondria.
Moreover, HS could reduce mtDNA, MMP, and mito-
chondria respiration and boost autophagy, causing
mitochondrial damage in broilers. Recently, some thera-
peutic mitochondria support such as rutin, resveratrol,
curcumin, L-citrulline, and TRP have been widely used
to combat HS’s detrimental effects on broilers. These
molecules used for this purpose could sustain the pro-
ductivity of the broiler under high environmental condi-
tions. However, these phyto-molecules can improve the
function of mitochondria function and thus enhance per-
formance and profitability of broiler production in
stressful environments, further molecules should be
investigated mainly based on proteomics screening. For
future directions, it is essential to optimize the method
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of concentration and administration and ensure the sta-
bility of flavonoids in the environment for their use as an
additive. Also, more investigations should be discovered
to clarify the potential roles of nano-phytomolecules for
targeting the mitochondria functions in neutralizing the
HS conditions due to its superior bioavailability, stabil-
ity and effectivity.
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