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In areas where the ambient temperature is above the thermoneutral zone, the
economic loss from animals for human consumption, such as pigs, is worrying.
Heat Stress (HS) increases body temperature and causes a subsequent reduction
in feed intake. This reduction results in the loss of essential nutrients, such as
amino acids, which are crucial for growth rate and the activation of vital
biochemical mechanisms. However, the effects of HS on reactive oxygen
species (ROS) generation, and the activation of mechanisms such as the
antioxidant system associated with nuclear factor erythroid-derived 2-like-2
(Nrf2), energy balance, protein synthesis and mitochondrial biogenesis have
received limited attention. In this work, we provide a comprehensive review of
the existing evidence regarding the significance of nutritional components and
their association with HS. We particularly emphasize ROS generation,
mitochondrial alterations, and the activation of Nrf2, AMP-activated protein
kinase (AMPK), and mammalian target of rapamycin (mTOR) signaling pathways
in response to the disruption of homeostasis.
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Introduction

Environmental fluctuations associated with climate change occur seasonally in diverse
geographic regions (https://www.climate.gov). Heat Stress (HS), in tropical countries and
regions with harsh summers plays a significant global role in the productive performance of
economically valuable animals (Renaudeau et al., 2011). Each year, the global human
population experiences exponential growth. This results in escalating demand for safe,
sustainable food consumption to ensure food security. Agricultural products provide
approximately 80% of food in developed countries. In poorer and developing countries,
the establishment of highly productive animal husbandry industries, especially swine
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(Figure 1A), is promoted. This has been advocated by the FAO in
the 2030 agenda for sustainable development, making swine one of
the most affordable proteins worldwide. Regions such as Asia
exhibit a significant dominance in the production share of pigs,
followed by Europe, the Americas, Africa, and Oceania (Figures 1B,
C). Notably, countries such as China and the United States of
America take the lead among the top 10 global pork producers
(Figure 1D), proving to be an industry with economic viability, even
so, the pig industry faces significant annual financial losses,
estimated in millions of dollars, attributed to the impacts of
climate change at different stages of growth and physiological
stage in which they are (St-Pierre et al, 2003; Pollman, 2010;
Mayorga et al., 2019; Ramirez et al., 2022).

10.3389/fanim.2023.1275290

HS occurs when animals are exposed to conditions that exceed
their thermoneutral zone. Elevated core temperature during HS
leads to a decrease in voluntary feed intake and alters the
metabolism of nutrients, resulting in reduced energy availability.
Additionally, HS negatively impacts immunity, endocrine
functions, electrolyte balance, blood pH, microbiota composition,
and intestinal epithelium. Furthermore, it leads to increased
circulating levels of cortisol and corticosterone (Morrow-Tesch
et al., 1994; Chou et al., 2012; Pearce et al., 2013; Sanz Fernandez
etal.,, 2015; Akbarian et al., 2016). Some of these alterations can lead
to disruptions in the reproductive cycle, decreased semen
production quality, impaired growth performance due to reduced
feed efficiency, altered carcass composition characterized by
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FIGURE 1

Pig production worldwide. (A) Global Animal Production from 1961-2018, with pigs ranking as the third most produced group of animals. Right
graph in A represent the same data, from the corresponding left graphs, but magnified for better visualization. (B) Pig production by year (1961-
2018, every 10 years) and region. (C) Percentage of pig production by region 2000-2018. (D) Top 10 Countries for Pig Production from 2000 to

2018. FAOSTAT .org.
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increased lipid deposition and decreased protein accretion, and an
increase in mortality rates (Pollman, 2010; Ross et al., 2015).

While the physiological impacts of HS are well understood,
further exploration of the molecular mechanisms activated during
thermal stress could contribute to enhancing outcomes in animal
production. Recent studies have demonstrated that HS disrupts
energy metabolism (Ma et al., 2019) and protein synthesis (Ganesan
et al, 2018) in pigs. In this sense, the regulation of energy
availability and protein synthesis could be a key answer. AMP-
activated protein kinase (AMPK) and mammalian target of
rapamycin (mTOR) plays an important role in cell homeostasis.
However, one of the initial responses to the disruption of
homeostasis is the generation of reactive oxygen species (ROS)
and subsequent induction of oxidative stress. This process triggers
the activation of various signaling cascades, including nuclear factor
erythroid-derived 2-like-2 (Nrf2), AMPK, and mTOR.

In this review, our primary focus is on elucidating the
physiological processes elicited by HS in pigs, specifically the
perturbations to homeostasis arising from diminished feed intake
and restricted nutrient availability. We discuss the generation of
reactive ROS, the response of the antioxidant system regulated by
Nrf2, mitochondrial alterations, and the activation of metabolic
signaling pathways such as AMPK and mTOR.

10.3389/fanim.2023.1275290

Effects of heat stress in
pigs production

Environmental variations play an important role in the
physiological effects of economically important animals. Changes
in the physiology of pigs exposed to HS are associated with the loss
of the thermoneutral zone that affects multiple life stages, including
reproduction, gestation, lactation, and growth efficiency (Christon,
1988; Lucy and Safranski, 2017). In certain instances, the effects of
HS are severe enough to result in premature mortality, which
represents a substantial economic loss (Ross et al., 2015). HS
occurs when the animal’s ability to dissipate body heat is
compromised, leading to detrimental effects on its health. The
interaction between solar radiation intensity, variations in
humidity, and ambient air velocity (Figure 2A) becomes critical
in exacerbating the effects of HS (Council, 1981). Pigs, being
homeothermic animals, possess a limited ability to dissipate body
heat due to the absence of functional sweat glands and the presence
of substantial subcutaneous adipose tissue layers (D'Allaire et al.,
1996), producing a significant amount of metabolic heat. HS
induces a redistribution of blood flow in the pigs’ system,
primarily towards the peripheral tissues, resulting in intestinal
hypoxia and inflammation. This is followed by a decrease in
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Effects of HS in pigs. (A) The combination of humidity, radiation, and increased air temperature intensifies the state of HS, primarily impacting
reproduction, gestation, lactation, and growth efficiency, thereby leading to economic loss. The resultant loss of homeostasis impairs molecular and
cellular functions, with effects that become apparent in the overall animal physiology. (B) Decreased feed consumption, alongside peripheral blood
diversion and increased panting, leads to insufficient nutrient acquisition, compromised intestinal integrity, and alkalosis.
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intestinal functionality and integrity (Pearce et al., 2013). In this
context, cytosolic structures and proteins, including tight junctions,
occludins, claudins, heat shock proteins (HSP), and hypoxia-
inducible factor (HIF), are susceptible to compromise (Pearce
et al., 2015). The modification of these complexes is associated to
changes in intestinal permeability, leading to elevated levels of
blood endotoxemia markers and subsequent immune responses
(Hall et al., 2001; Gabler et al.,, 2018). The effects of HS extend
beyond cellular and physiological disruptions that impair animal
growth. They also compromise carcass yield, carcass fat deposition,
and intramuscular fat content (Pearce et al., 2011). Additionally, HS
affects meat quality, as evidenced by changes in pH, water holding
capacity, and meat color (Ma et al, 2015), which can lead to
decreased consumer acceptance.

One of the initial biological responses that pigs have developed
to counteract the effects of HS is a reduction in feed intake by 20-
40%, which results in a decrease in metabolic heat production
(Huynh et al.,, 2005; Cervantes et al., 2018; Morales et al., 2014;
Morales et al., 2016a), the reduction in feed intake is associated with
a decrease in the growth rate (Renaudeau et al., 2010). Additionally,
there is an increase in respiration rate as a response to the
dissipation of body heat (Vilas Boas Ribeiro et al., 2018), and this
response is contingent upon the thermal load and heat dissipation
characteristics of the environment (Quiniou et al., 2000; Quiniou
et al,, 2001). Panting is the primary response for dissipating heat
(Fuquay, 1981). However, hyperventilation can induce a decrease in
carbon dioxide levels in the blood (Figure 2B), leading to respiratory
alkalosis (Bartko et al., 1984). This modification can affect diverse
physiological and biochemical processes due to the consequent
increase in lactate production (Davies et al., 1986; Lindinger et al.,
1990). Respiratory alkalosis and pH alterations can result from a
primary physical condition. This alteration can predispose an
individual to the entry of other pathological agents. Additionally,
it can also be secondary, serving as a compensatory response to an
adjacent disease, which may or may not affect the respiratory system
(Gordon et al,, 1999). Nevertheless, the shorth incorporation of
vitamin E in dietary formulations partially alleviated respiratory
alkalosis (Liu et al., 2016; Liu et al., 2018).

Nutrient availability in pigs exposed to
heat stress

The dietary formulations developed for animals exposed to HS
aim to maintain a proper balance of amino acids (AA), proteins,
carbohydrates, and lipids (Kerr et al., 2003). Under thermoneutral
conditions, proteins in pigs are hydrolyzed by proteolytic enzymes
such as stomach pepsin, trypsin, chymotrypsin, pancreatic elastase,
and intestinal membranous and cytosolic enzymes (He et al., 2016).
This hydrolysis breaks down proteins, releasing AA that are
subsequently absorbed through active transport mechanisms in
the small intestine (Garcia-Villalobos et al.,, 2012; Morales et al,,
2013; Kiela and Ghishan, 2016). The AA then reach the liver via the
portal vein circulation, where metabolic processes begin, involving
the synthesis or degradation of proteins and AA (Paulusma et al.,
2022). In this complex process, the profile of essential AA (Lys, Met,
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and Thr) and non-essential AA (Arg, Gly, Cys, Glu, Gln) not only
play a critical role in the animal’s diet and metabolic utilization but
also have a fundamental impact on intestinal health (Yang and Liao,
2019). Additionally, the association between nutrient availability in
diets, metabolism, and the negative effects on intestinal
performance under thermoneutral conditions has been reported.
Nonetheless, the supplementation of proteins and AA (Lys, Thr,
Trp, Met, Ile, Val, and Phe) in diets has improved carbohydrate and
lipid metabolism as well as tissue structures in the gastrointestinal
tract (Ren et al., 2014). However, certain AA such as Arg, His, Ile,
Leu, Met, Phe, Thr, Trp, and Val, have been identified as crucial for
metabolism (Wu, 2009). Moreover, the addition of the “HS” factor
further impacts intestinal integrity, particularly in the small
intestine (Figure 3), leading to alterations in digestive and
nutrient absorption capacity and increasing susceptibility to
infections (Pearce et al., 2012; Pearce et al., 2014; Gabler and
Pearce, 2015). In this regard, the strategy of reducing food
consumption to mitigate body/metabolic heat also results in a
decrease in the intake of nutrients such as proteins and AA
(Baumgard and Rhoads, 2013). Adding extra protein-bound or
free AA to the diet can potentially compensate for the reduced AA
intake; however, it is important to note that extra protein-bound
AA may further increase the body heat load, whereas the addition of
free AA does not impact the heat load (Le Bellego et al., 2002; Kerr
et al,, 2003; Morales et al., 2018). This was corroborated in data
analyzed in serum, demonstrating that dietary supplementation
with additional free AA (Arg, Ile, Asp, Glu, Gly, Ser) can help rectify
the decreased availability of AA and growth rate observed in pigs
subjected to HS (24.5-42.6°C, Morales et al, 2019). Similarly, in
regions characterized by extreme summers, even minor diurnal
ambient temperature variations (30-41°C) can alter the availability
of free AA (Cervantes et al., 2017). Consequently, the addition of
essential AA has been meticulously calculated to optimize
digestibility and maintain nutritional balance, especially when
protein content in the diet is reduced (Morales et al., 2019).

Additionally, the reduction in feed intake of up to 40% due to
HS has been demonstrated to induce alterations in the surface area
of the intestinal epithelium (Pearce et al., 2012). This was observed
in Chinese mini pigs exposed to a temperature of 40°C, 5 hours each
day over a period of 10 days. The intestinal mucosa, as well as the
duodenum and jejunum, began showing signs of damage on the
third day of exposure, which gradually repaired over the subsequent
six days. This damage was associated with the expression of the
Epidermal Growth Factor signaling pathway (Liu et al, 2009).
Growing pigs exposed to acute HS conditions (35°C, 24 hours)
exhibited a decrease in the integrity of the intestinal tract
(specifically the ileum and colon). Additionally, there was an
increase in circulating endotoxins as measured in serum, along
with an elevation in intestinal glucose transport and blood glucose
levels (Pearce et al., 2012). Exposure to HS conditions (31-37°C) in
the initial 24 hours can induce increased intestinal cell death,
leading to enhanced endogenous intestinal loss of proteins and
AA (Arg, Thr) in growing pigs (Morales et al., 2016a). Similarly,
growing pigs exposed to HS (24-45°C, 7 days) showed differential
effects on the digestive and AA (Arg, His) absorption capacity of the
ileum (Morales et al., 2016b).
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A healthy gut is crucial for the metabolism of the nutrients,
physiological activities, body wellbeing, and production efficiency in
different stages of pigs life (Pluske et al., 2018). Thus far, it has been
established that feeding pigs subjected to HS with low-protein diets
supplemented with free AA mitigates intestinal epithelial damage
and enhances nutrient absorption (Morales et al., 2020). The
gastrointestinal tract maintains a close relationship with the
epithelial mucosa, microbiota, and the nutrients from the pig’s
diet. This system represents approximately 20% of the body’s
energy expenditure, given that the microbiota hosts around 100
microbial species, is associated with more than 20 hormonal types,
and is involved in the digestion and absorption of a vast array of
nutrients (Choct, 2009). As of now, the microbiota is recognized as
a critical vector for host development, influencing aspects of
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anatomy, physiology, and metabolism (Sommer and Bickhed,
2013). Weaning remains one of the most critical stages in animal
physiology due to the various biochemical changes the animals
undergo. Dietary formulations play a crucial role in ensuring their
survival and proper development during this phase (Andretta et al.,
2014; Velayudhan et al, 2015). During this stage, and even in
growing, gestational, and finishing pigs exposed to HS, alterations
in gut microbiota (factors such as epithelial integrity, colonization
by pathogenic bacteria, and morphological changes, including
variations in villus and microvillus height) composition are
observed (Xiong et al., 2020; Patra and Kar, 2021; Xiong et al.,
2022). These changes are part of an adaptive mechanism in
response to the stress condition (He et al, 2019; Xiong et al,
2020). Several studies have demonstrated that HS effectively alters
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the fecal microbiota of pigs (He et al., 2019; Xiong et al., 2020; Hu
et al., 2022); however, the role this change plays in mitigating the
effects of HS has yet to be clearly defined (Le Sciellour et al., 2019). A
more comprehensive understanding of the physiological roles of
characterized microbial populations could represent a novel
strategy to mitigate the effects of HS in pigs.

Molecular response to heat stress

Generally, the physiological changes in pigs exposed to HS have
been characterized and described previously. Events such as the
generation of oxidative stress have received considerable attention
at the molecular and cellular levels due to the activation of various
signaling pathways (Liu et al., 2016; Lauridsen, 2019).
Consequently, alterations at the intestinal level might constitute
an initial response to significant physiological events triggered by an
imbalance in homeostasis.

Heat stress and ROS production

Reactive oxygen species (ROS) generation is a typical response
to practically all stress factors, including HS. ROS are derived from
oxygen metabolism and are by-products of cellular respiration.
They can be classified into two groups: free radicals, with one or
more unpaired electrons; and non-radicals, where two free radicals
share their unpaired electrons (Lushchal, 2015). The high reactivity
of ROS is attributed to the unpaired electrons in their structure;
these can interact with biologically significant macromolecules,
such as nucleic acids, carbohydrates, lipids, and proteins, thus
modifying their functions (Cecarini et al, 2007). Under normal
conditions, the generation of ROS helps modulate various cellular
functions, including cell survival, cell death, differentiation,
signaling, metabolism, and inflammation (Halliwell and
Whiteman, 2004; Zhang et al., 2016). Minor and transient
increases in ROS can be tolerated, but substantial increases are
linked with cellular and systemic biological damage, typically as a
response to the disruption of homeostasis.

Previous reports have documented the production of ROS
under conditions of HS (Flanagan et al., 1998; Vacca et al., 2004).
Upon exposure to a temperature of 32°C for eight days, hepatic and
skeletal muscle tissues of swine demonstrated physiological
modifications in their lipid and carbohydrate metabolic pathways
(Sanz Fernandez et al,, 2015). These two metabolic pathways are
notably vulnerable to disruption due to interactions with ROS. It is
well established that the diverse growth stages of pigs and the
varying cell types elicit differential responses to HS. Hepatic cells
from pigs in the finishing phase, subjected to a temperature of 30°C
for three weeks, exhibited an escalated oxidative response. This was
associated with immune responses, apoptosis, metabolic alterations,
signal transduction, and cytoskeletal changes (Cui et al, 2016).
These findings provide evidence that the liver participates in a
spectrum of molecular adaptive responses linked to stress events.

At the cellular level, the first response to HS (39-45°C) is the
elevation of the production of superoxide anion (O,) in the
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mitochondria, owing to the univalent reduction to superoxide
(0,) and hydrogen peroxide [H,0,] (Loschen and Azzi, 1975).
H,0, are produced by dismutation catalyzed by superoxide
dismutase (SOD) in animal cells (Mujahid et al., 2005; Mujahid
et al., 2007; Azad et al., 2010; Li et al., 2017). As a first response of
the antioxidant system, catalase (CAT) can break down H,O, into
oxygen (O,) and water (Deisseroth and Dounce, 1970; Nandi et al.,
2019). Glutathione peroxidase (GPx) catalyzes the reduction of
H,0, to H,O, in the oxidation reaction of glutathione reduced
(GSH) to glutathione oxidized (GSSG). GSSG is reduced back to
GSH by glutathione reductase (GR) which catalyzes the oxidation of
nicotinamide adenine dinucleotide phosphate (NADPH) to
nicotinamide adenine dinucleotide phosphate (NADP+), forming
aredox cycling, Figure 4A (Valko et al., 2007; Lu, 2013). Separately,
in the mitochondria, NADH produced during cellular metabolism
is oxidized by NADH dehydrogenase (Complex I). Electrons from
this reaction then move through the Electron Transport Chain
[ETC] (Li et al, 2017), eventually passing through ubiquinol-
cytochrome ¢ reductase (Complex III), contributing to the proton
gradient used to produce adenosine triphosphate (ATP). In this
sense, the redox balance (oxide/reduction) and the antioxidant
system responses play a crucial role in the modulation of HS. In
pigs, the modulation of this system has already been reported in
skeletal muscle at 37°C for short periods of time, specifically, two
hours (Volodina et al., 2017).

Free radicals such as O, can be easily produced in NADPH
oxidase, xanthine oxidase and mitochondria. Mitochondria play a
crucial role in cellular energy maintenance through the production
of ATP via chemical reactions occurring in the ETC. The complex I
and IIT of the ETC is the primary site of ROS production
(Figure 4B), where the electrons interact with O, to produce O,",
and spontaneously or enzymatically is converted to H,0, and
hydroxyl radical [HOe] (Murphy, 2009). Increased production of
these radicals can lead to mitochondrial dysfunction, associated to a
dramatic drop in ATP levels during HS (Patriarca and Maresca,
1990). Few studies have been carried out associated with the
composition of the diets of animals exposed to HS and the
alterations at the mitochondrial level caused by ROS generation.
In Longissimus dorsi muscle, ETC gene expression was differentially
affected by dietary phosphorous levels of pigs exposed to 32°C, 24
hours (Weller et al., 2013). These data provide evidence of
physiological and biochemical adaptations to HS associated with
an increase in ROS.

Research focusing primarily on the “HS” factor appears to be
more abundant compared to studies that consider the “diet-HS-
oxidative stress” interplay. In this context, mitochondrial alterations
appear to be a key mechanism little associated. As shown by
proteomic analyses in the intestines of pigs exposed to chronic
HS (30°C, three weeks) highlighted the significance of the down-
regulation of proteins involved in the tricarboxylic acid cycle and
ETC (Cui and Gu, 2015). This study suggests direct alterations in
energy metabolism during chronic HS. The findings also indicated
that the antioxidant system might control the production of ROS,
potentially mitigating the onset of oxidative stress during chronic
HS. Moreover, other studies have documented changes in markers
of autophagy and mitophagy as a result of ROS production,
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following exposure to HS (35°C for 1-3 days) in porcine skeletal
muscle (Brownstein et al., 2017; Volodina et al., 2017). Along the
same lines, pigs exposed to 37°C, 24 hours, have been shown to
induce mitochondrial dysfunction and stimulate the antioxidant
response, as evidenced by increased expression of SOD and CAT;
this HS also triggered apoptosis and autophagic signaling processes
in the skeletal muscle (Ganesan et al., 2017). The mitochondrial
metabolic flexibility, as indicated by various markers in skeletal
muscle, has been found to decrease after exposure to high
temperature (35°C) for 7 days, leading to an accumulation of
adipose tissue during HS (Zhao et al,, 2018). These findings shed
light on the multifaceted impact of HS on cellular mechanisms,
including energy production, antioxidant defense, and cellular
recycling processes.

When the production of ROS exceeds a certain threshold, but
before the onset of full-fledged oxidative stress, various signaling
pathways within the cell are activated. These pathways function as a
protective response, aiming to restore cellular homeostasis and
prevent further damage. As observed in skeletal muscle of sows
exposed to HS at 37°C, 24 hours (Montilla et al.,, 2014). In this

study, along with the observed increase in ROS production and
indications of mitochondrial involvement, the initiation of an
antioxidant response (CAT, CuZnSOD and MnSOD) was
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detected. Additionally, the expression of the nuclear factor-kB
(NF-xB), known to be activated by various stimuli, including HS,
did not elicit an inflammatory response. These responses are
typically more evident in muscle cells due to their high
mitochondrial content. Although the observed responses occurred
over extended periods, it would be intriguing to investigate how

such rapid responses remain active over prolonged periods.

Antioxidant system and thermotolerance

Oxidative stress is defined as the imbalance between an increase
in ROS levels and the cell’s ability to neutralize them via the
antioxidant system and the repair/turnover mechanism (Birben
et al., 2012). Oxidative stress is associated with economic losses due
to decreased performance parameters such as feed intake, growth,
milk production, and egg laying, as well as increased mortality rates.
These detrimental effects are particularly significant in various
livestock including dairy cows, dairy heifers, beef cows, finishing
cattle (Mirzad et al,, 2018; Sigdel et al., 2019), sows and pigs (Cui
etal, 2019; Hao et al,, 2021), broilers, layers, and turkeys (St-Pierre
et al, 2003; Ratriyanto and Mosenthin, 2018). In this sense, the
antioxidant system as a mechanism to counter oxidative stress in
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pigs, has been little studied. Different pathways appear to be
particularly relevant mechanisms to study due to their rapid
responses to various stressors. Nrf2 it would seem to be the
indicated route due to its rapid response to any stress (Glory and
Averill-Bates, 20165 Surai et al., 2019). Nrf2 is a master transcription
factor that regulate more than 200 genes, mediated expression of
phase I and II detoxified and antioxidant enzymes (Nguyen et al,
2009). Nrf2 in the cytoplasm is associated to Keapl (Kelch like
ECH-associated protein 1) protein (Figure 5), where Nrf2 require
the decoupling of the complex for the antioxidant system to be
activated (Kim and Keum, 2016). The antioxidant system is
characterized by the expression of different enzymes, however,
SOD, CAT and GSH are the first response molecules. SOD
usually are founded in the cytoplasm in three isoforms,
manganese (Mn)-SOD in mitochondria, iron (Fe)-SOD in
extracellular space and copper-zinc (Cu-Zn)-SOD in cytosol
(Canada and Calabrese, 1989; Asakura and Kitahora, 2018). CAT
another dismutase enzyme, exists as tetramer composed of 4
identical monomers each one with heme group at the active site
(Birben et al, 2012). Is widely expressed in the cytoplasm and
peroxisomes (Kehrer et al., 2010). GSH, a tripeptide composed of
glycine, cysteine, and glutamic acid, is typically found in the

10.3389/fanim.2023.1275290

cytoplasm and acts as an endogenous component of cellular
metabolism (Gad, 2014). The enzymatic regulation of the GSH
redox cycle is critical for maintaining intracellular levels in a
reduced state, which is essential for preventing oxidative damage
and preserving cellular integrity (Murray et al., 2006). For instance,
in a study where Bama miniature pigs were exposed to HS at 40°C
for eight days, their liver cells demonstrated a high capacity for heat
tolerance. This was accomplished through the activation of the Nrf2
pathway, in addition to an increase in antioxidant enzymes such as
SOD, CAT, GSH, and GPx (Chen et al,, 2017). Acute exposure to
HS conditions (35°C, 1-3 days) in sows has been found to be
regulated by the expression of antioxidant enzymes in
mitochondria, including Mn-SOD and CAT, and by the
activation of the NF-kB and Tumor Necrosis Factor o (TNF-o)
pathways in the semitendinosus muscle (Montilla et al., 2014).
Furthermore, even short-term exposure to HS (37°C, 2-6 hours)
resulted in increased protein abundance and activity of SOD and
CAT, which could be linked to skeletal muscle dysfunction
(Volodina et al., 2017).

The generation of ROS by HS and the swift activation of the
antioxidant system typically initiate numerous reactions, including
those linked to thermotolerance. In this process, chaperone proteins
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(A) In the cytoplasm, the Nrf2 transcription factor dissociates from Keapl in response to increased ROS levels. (B) Nrf2 translocate to the nucleus and
activates detoxification genes involved in antioxidant defense. (C) In the absence of dissociation of the Nrf2-Keapl complex, it undergoes
degradation in the proteasome. (D) Heat shock factor 1 (Hsfl) forms an inactive complex with Heat Shock Proteins (HSPs), when exposed to HS as a
stressor, the Hsfl-HSP complex dissociates. (E) Hsfl undergoes phosphor ylation and forms trimers in the cytosol. (F) The Hsfl trimer enters the
nucleus and binds to Heat Shock Elements (HSEs) in the promoter region of HSP genes. (G) This leads to the transcription of HSP mRNA, and then
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play a crucial role in supervising molecular events such as post-
translational modifications and transcriptional mechanisms
(Kregel, 2002). The reaction of HSP is a ubiquitous phenomenon.
Their expression can be triggered rapidly, even by slight increases in
HS (Barbe et al., 1988; Ritossa, 1996). HSP expression is implicated
in disruptions to metabolic processes and is essential for the
synthesis, folding, and assembly of other proteins (Pelham, 1985).
Many of the morphological and phenotypic effects of HS can be
attributed to protein aggregation (Richter et al, 2010). In the
cytoplasm, during HS (acute or chronic), HSP dissociates from
Heat Shock Factor (Hsfl) binding, Hsf1 translocates to the nucleus
and recognizes the Heat Shock Element a specific sequence in DNA
(Figure 5), initiating the assembly of the transcription machinery
(Walter and Buchner, 2002), this pathway could be considered one
of the first lines of defense (Page et al., 2006). These proteins are
upregulated in response to minimizing the accumulation of
denatured or abnormal proteins within the cell (Hassan et al.,
2019). In cultured porcine muscle satellite cells, HSP70 mRNA
expression was reported following 48 hours of exposure to HS at
40.5°C (Kamanga-Sollo et al., 2011). In vivo, a study involving the
ileum and colon of pigs, a linear increase in HSP expression was
observed between 2-6 hours at 37°C. This response was associated
with alterations in feed consumption and intestinal integrity (Pearce
etal, 2014). Furthermore, in the liver of growing pigs exposed to HS
conditions ranging from 29.5°C to 37.2°C for 21 days, a similar
response was observed (Montesinos-Cruz et al., 2019). The
response of these molecules has been extensively studied under
prolonged times and different formulations in diets (Gan et al,
2013; Wu et al., 2013).

Studies have indicated that the inclusion of synthetic
phytochemical antioxidants in swine nutrition might provide a
means to counterbalance the consequences of oxidative stress (Lee
etal., 2017), inclusive of those induced by HS. Under thermoneutral
conditions, selenium-deficient, high-energy swine diets have been
observed to suppress the Nrf2 pathway in neutrophils, whilst
simultaneously enhancing phagocytosis in cases of chronic
oxidative stress (Yang et al., 2017). However, the mechanistic
interplay between selenium deficiency and high-energy diet in
modulating the activation of the Nrf2 pathway remains unclear.
Conversely, the supplementation of resveratrol in sow and piglet
diets, also under thermoneutral conditions, has shown to ameliorate
the antioxidant system regulated by the Nrf2-Keapl axis, observed
20 days post-breeding (Meng et al., 2018). The supplementation of
L-Met and DL-Met in piglet diets, maintained at temperatures of
27.5 to 25°C over a three week period, yielded analogous outcomes
in the expression of the antioxidant Nrf2 system (as evidenced by
mRNA levels) in relation to gut morphology (Zeitz et al., 2019). In
summary, the link between Nrf2 antioxidant system activation,
thermotolerance-HSP, dietary formulations, and heat stress in pigs
remains an active research area.

Energy metabolism. AMPK-mTOR role

AMP-activated protein kinase (AMPK), an evolutionarily
conserved serine/threonine kinase, serves a critical function as a
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primary regulator and detector of cellular energy status (Carling
et al,, 2011). Its activation is involved in the regulation of protein,
lipid, and glucose metabolism (Figure 6A), as well as mitochondrial
biogenesis (Kahn et al., 2005; Wang et al, 2012). The AMPK
complex is heterotrimeric, consisting of a catalytic o subunit and
two regulatory subunits, B and 7. It presents two o.-subunit isoforms
(o1 and 02), two B-subunit isoforms (1 and B2), and three y-
subunit isoforms (Y1, Y2, y3); the phosphorylation of the Thr'”?
residue within the o-subunit is crucial for its activation (Hardie,
2007). The phosphorylation of AMP is a direct activator of AMPK
under conditions such as exercise, ischemia, hypoxia, low glucose,
HS, ROS, or any form of cellular stress that disrupts or depletes ATP
levels (Hardie, 2004; Kahn et al., 2005; Yang et al., 2018; Yu et al,,
2018). The phosphorylation or allosteric activation of AMPK results
in the downregulation of ATP-consuming anabolic processes and
upregulation of catabolic processes that generate ATP, thereby
maintaining the AMP : ATP ratio. In other words, AMPK
activation plays a positive role in regulating signaling pathways
that replenish cellular ATP reserves (such as fatty acid oxidation
and autophagy), and conversely inhibits ATP-consuming
biosynthetic processes, like gluconeogenesis, lipid synthesis, and
protein synthesis (Mihaylova and Shaw, 2011).

AMPK activation as a response to
energy depletion

Feed intake (nutrients), energy balance, and body weight are
under the regulation of the central nervous system (CNS). The CNS
plays a pivotal role in the control and coordination of energy
management in response to peripheral hormonal signals. Its
primary function is to maintain homeostasis at the molecular,
cellular, and physiological levels through efficient utilization of
energy obtained from feed intake (Bray, 2007). In instances of
heightened energy intake, the brain modulates feeding behavior by
either suppressing it or promoting the storage of excess energy as
glycogen in the liver or triglycerides in adipose tissue (Huynh et al.,
2016). An energy imbalance triggers the activation of the CNS to
initiate the restoration of energy balance. In this context, the
neuroendocrine function of AMPK acts as a regulator of
metabolic processes orchestrated within the hypothalamus,
influenced by changes in glucose, insulin, adiponectin, ghrelin,
and leptin levels (Andersson et al., 2004; Minokoshi et al., 2004).
In thermoneutral conditions, glucose and these hormones play a
critical role in modulating feed intake. When overexpressed,
adiponectin functions as a starvation signal. It regulates feeding
behavior via the phosphorylation of AMPK, and it can lead to
weight loss by increasing energy expenditure and reducing insulin
resistance (Chu et al., 2006). Adiponectin triggers AMPK activation
in the liver and muscle, leading to enhanced glucose utilization and
fatty acid oxidation, while simultaneously inhibiting glucose
production in the liver (Yamauchi et al, 2002). Contrarily,
ghrelin stimulates hypothalamic AMPK phosphorylation, leading
to an increase in food intake and a reduction in energy expenditure.
Leptin, meanwhile, inhibits AMPK activity (Figure 6A1), resulting
in diminished food intake and heightened energy expenditure
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The role of AMPK as a regulator of metabolism. (A) AMPK regulates lipid, glucose, and protein metabolism, as well as mitochondrial biogenesis,
through numerous downstream targets. (A-1) AMPK also plays a role in hypothalamic regulation of feed consumption, affecting parameters such as
feed intake (Fl), energy expenditure (EE), and weight loss (\VL). (B) Low cellular energy levels activate AMPK, which inhibits TSC2 function. mTOR
promotes growth and protein synthesis by regulating S6K and 4EBP1. HS and ROS decrease S6K activity. Leucine (Leu) may enter the mTOR
pathway at the level or upstream of Rheb. (B-1) mTORCI and (B-2) mTORC2 act as both inducers and targets in the pathway.

(Minokoshi et al., 2002; Yildiz et al., 2004; Kahn et al., 2005). In
skeletal muscle, leptin directly enhances AMPK activity, promoting
fatty acid oxidation and glucose uptake in response to muscle
contraction (Mu et al., 2001; Minokoshi et al., 2002), this is
followed by the indirect activation of the hypothalamic-
sympathetic nervous system (Friedman and Halaas, 1998;
Minokoshi et al., 2002).

Under HS conditions and subsequent caloric restriction, AMPK
and the protein silent information regulator T1 (SIRT1) respond to
changes in nutrient availability caused by restriction or starvation
(Chen et al,, 2005; Chen et al., 2008), as well as alterations in energy
expenditure (Canto et al., 2009; Canto et al., 2010). SIRT1 activates
crucial mechanisms to uphold energy and metabolic homeostasis.
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AMPK and SIRT1 share similar functions in terms of cellular fuel
metabolism, inflammation, and mitochondrial function (Ruderman
et al,, 2010).

The mitochondria, being the primary organelles responsible for
cellular energy production, utilize nutrients, including AA, to
maintain homeostasis based on cellular demands (Johnson et al.,
2014). Supplementation with specific AA, such as Leu, has
demonstrated a significant role in activating SIRT1 to prevent
mitochondrial dysfunction (Li et al, 2012). Leu has shown
beneficial effects on mitochondrial biogenesis and fatty acid
oxidation in C2CI12 myotubes through the activation of SIRT1
and subsequent activation of AMPK (Liang et al, 2014).
Considering that the mitochondria is the primary source of ROS
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generation during HS or other disruptions in homeostasis, SIRT1
activation could promote mitochondrial biogenesis under
conditions of energy deficiency (Tang, 2016). Survival
mechanisms associated with the mitochondria, such as
autophagy/mitophagy, have become increasingly relevant in
economically significant animal species exposed to HS
(Brownstein et al., 2017; Ganesan et al., 2017). Autophagy/
mitophagy mechanisms serve as a means for cellular nutrient
reabsorption by facilitating the recycling of proteins and
organelles (Klionsky and Emr, 2000). These processes play a
crucial role in promoting cell survival during periods of
nutritional stress. In a broader context, the reduced nutrient
consumption in response to HS is associated with an increase in
the production of ROS, primarily within the mitochondria. This
event triggers the activation of signaling pathways such as AMPK,
which function to maintain cellular energy homeostasis.

mMTOR activation by AA consumption and
mitochondrial response

The investigation of the AMPK signaling pathway remains
significant owing to its capacity to regulate energy metabolism
and serve as a nutrient sensor, attributes that can be easily
influenced by environmental conditions. Adequate protein
synthesis and high energy demands are closely associated with
feed intake. However, when feed consumption decreases, there is a
rapid reduction in protein synthesis to conserve cellular energy. In
animal production, HS suppresses body protein deposition and
promotes increased accumulation of body fat (Ain Baziz et al,
1996). Chronic HS has the capability to suppress RNA
transcription, protein synthesis, and muscle protein turnover
(Jacob, 1995; Temim et al., 2000). However, in the context of
lipid and carbohydrate metabolism, HS decreases fat oxidation in
pigs, regardless of nutrient intake (Pearce et al., 2011).

mTOR is activated by various factors, including energy status,
growth factors, mechanical stimuli, and notably, AA (Bond, 2016).
mTOR primarily regulates protein synthesis (Duan et al., 2018b),
and inhibits the induction of autophagy when there are sufficient
nutrients available (Klionsky and Emr, 2000). The association
between AMPK and mTOR arises from studies examining the
phosphorylation and activity of S6 kinase (S6K) and eukaryotic
initiation factor E4 binding protein 1 (4EBP1), which are targets of
both mTOR and AMPK, demonstrating the convergence of these
pathways (Xu et al., 2012). mTOR, belonging to the
phosphatidylinositol 3-kinase (P13K)-related kinases (PIKK)
family, is a highly conserved serine/threonine kinase (Xu et al,
2012). It functions in two complexes: mTOR complex 1
(mTORCI1), which associates with the protein Raptor, and mTOR
complex 2 (mTORC2), which associates with the protein Rictor
(Kim et al., 2002). In the signaling pathway, mTORCI1
phosphorylates S6K and 4EBP1, while mTORC2 phosphorylates
the serine/threonine protein kinase AKT at Ser473, leading to AKT
activation (Xu et al, 2012). mTORCI plays a crucial role in
regulating lipid, nucleotide, and protein synthesis, as well as
autophagy (Figures 6B1, 2); on the other hand, mTORC2 is
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involved in promoting cell survival and proliferation (Saxton and
Sabatini, 2017). When energy (in the form of ATP) is depleted due
to nutrient deprivation, this triggers a signal from AMPK to the
tuberous sclerosis complex (TSC2). This in turn inhibits the Rheb
and mTOR signaling pathways, consequently leading to the
suppression of protein synthesis (Inoki et al., 2003; Deldicque
et al., 2005).

The protein kinase AKT not only serves as an upstream and
positive regulator of mTOR, but also functions as a key modulator
of energy metabolism through its inhibitory action on AMPK
(Hahn-Windgassen et al., 2005). Activation of the AKT protein
kinase leads to changes in ATP levels, resulting in a reduction of the
AMP/ATP ratio and diminished activity of AMPK. AKT
phosphorylates and inactivates TSC2, thereby facilitating the
activation of mTOR (Potter et al., 2002). Overexpression of TSC2
results in a decrease in phosphorylation of S6K and 4EBP1 in
response to nutrients or mitogens (Figure 6B), thereby implying
that TSC2 serves as a negative regulator of mTOR signaling
pathways (Tee et al., 2002). In this context, the AKT/mTOR/S6K
pathway is recognized as a central regulator of protein synthesis and
cellular growth (Xu et al,, 2012). mTOR, a pleiotropic kinase, is also
responsive to HS events (Jurivich et al., 1991) and its interaction
with HSF1 can stimulate the expression of HSP (Chou et al., 2012).
In the realm of animal production, HS has been demonstrated to
exert various effects on the AMPK-mTOR signaling pathways. In
pigs exposed to 30°C, for 21 days, a reduction in nutrient absorption
due to changes in digestibility impacted AMPK-regulated
intracellular energy metabolism, including glycolysis (as seen with
alterations in hexokinase and pyruvate kinase activities), and
resulted in changes in the enzymatic activities of pyruvate kinase
and hexokinase in muscle tissue (Hao et al., 2014). However, for
2°C), diets
supplemented with hydroxy-4-methylselenobutanoic acid

+

growing pigs subjected to chronic HS (33

demonstrated a reduction in metabolic disorders within the liver
(Yan et al., 2020). Investigations such as these, which examine the
interplay between AMPK-mTOR, HSP, the antioxidant system, and
the regulation of selenoproteins, remain relatively few. As such,
these research domains represent promising targets for
future studies.

Just as AA deprivation has been demonstrated to inhibit key
signaling pathways (Hensen et al., 2012), the addition of certain AA
can play a critical role in the activation of mTOR. Nutritional
components, such as Leu and glucose positively affects the
activation of mTOR (Reiling and Sabatini, 2006). Dietary
components, such Leu and glucose, are known to favorably affect
mTOR activation (Proud, 2002). Leu might interact with the mTOR
pathway at or upstream of Ras homolog enriched in brain (Rheb),
and reduced energy levels can trigger the activation of AMPK
(Reiling and Sabatini, 2006). However, under thermoneutral
conditions, the restriction of Lys intake via reduced food
consumption, from piglets through to finishing pigs, impacted
AA metabolism, gut microbiota, and inhibited AMPK signaling,
though mTOR remained unaltered (Yin et al., 2018). In neonates,
treatment with Leu was shown to stimulate muscle protein
synthesis by augmenting mTORCI activation (Suryawan et al,
2008). At the cellular level, supplementation with L-Glutamine
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(L-Gln) has been shown to stimulate enterocyte growth via mTOR,
independently of the AMPK pathway (Yi et al., 2015). In this
context, L-Gln demonstrated the ability to regulate genes associated
with nutrient transport and energy metabolism. These findings
underscore the significant role that dietary formulations play in
muscle or organ protein synthesis and suggest that HS factors could
modulate (either enhance or diminish) these effects. Numerous
studies have proposed a potential interplay between mTOR and
mitochondrial function, given the demonstrated involvement of
mitochondria in the regulation of lipid metabolism in adipocytes
(Ricoult and Manning, 2013; Bradley and Swann, 2019; Zhang et al.,
2020). A diet low in protein but high in branched chain AA has
been shown to enhance and regulate lipid metabolism in skeletal
muscle, via the AMPK-mTOR pathway (Duan et al., 2018a). AA
such as Leu are intimately linked to lipid metabolism, energy
homeostasis, and the modulation of mitochondrial dysfunction.
Leu has been demonstrated to phosphorylate 4EBP1 and activate
the mTOR pathway, thereby accelerating fatty acid oxidation,
promoting lipolysis, and increasing energy consumption in
adipocytes (Fox et al., 1998; Yuan et al, 2015; Han et al,, 2018).
However, chronic supplementation of Leu at low doses has been
observed to reduce the rate of fat production and overall body fat
(Jiao et al., 2016). The energy derived from fatty acid oxidation in
adipose tissue has been demonstrated to be primarily utilized for
protein turnover in muscle tissue (Yan et al., 2017). As a result, Leu
has the capacity to decrease fat deposition and reduce body weight.
Consequently, Leu exhibits a regulatory impact on both protein
synthesis and lipid deposition (Zhang et al., 2020).

The content and function of mitochondria are critical for
maintaining robust muscle health, (Valero, 2014). Similarly,
studies pointed out that when the metabolism of muscle
mitochondria is impaired, particularly in relation to the oxidation
of fatty acids, it could lead to an accumulation of fat in the muscles
(Gumucio et al., 2019; Kim et al., 2019). Recent studies such as the
one conducted by Li et al. (2018) propose that feeding pigs a low
protein diet could enhance the quality of their meat. This
enhancement is achieved by controlling the level of intramuscular
fat, adjusting the composition of fatty acids, modulating the
characteristics of muscle fibers, and altering the profile of free AA
present in the muscle.

Concluding remarks

As global population grows exponentially, the demand for high-
quality animal production also increases, and standards become
more stringent. In economically significant sectors, it is crucial to
ensure that environmental stressors, such as HS, do not significantly
degrade the quality of animal production. A detailed understanding
of the molecular, cellular, and physiological processes associated
with nutritional regulation is vital. It's important to understand how
stress is generated, how energy is regulated, and how protein
synthesis occurs in response to environmental and nutritional
events, as these processes appear to play a crucial role in animal
health and productivity. Appropriate dietary formulation with
specific emphasis on AA supplementation could be key to
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effectively “turning on or off” crucial metabolic processes in
animals during periods of HS. The generation of ROS seems to be
effectively countered by energy-consuming antioxidant
mechanisms, all while maintaining homeostasis. Certain
molecules, such as chaperone proteins, play significant roles in
these processes. However, the AMPK-mTOR signaling pathway has
emerged as particularly important due to its role in energy balance
and its activation through AA supplementation in diets. Despite
these advances, research into these complex interplays is just
beginning and could have significant implications for improving
production performance in the future.
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