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Abstract

With global warming, extreme environmental heat is becoming a social issue of concern, which can cause adverse health
results including heatstroke (HS). Severe heat stress is characterized by cell death of direct heat damage, excessive inflam-
matory responses, and coagulation disorders that can lead to multiple organ dysfunction (MODS) and even death. However,
the significant pathophysiological mechanism and treatment of HS are still not fully clear. Various modes of cell death,
including apoptosis, pyroptosis, ferroptosis, necroptosis and PANoptosis are involved in MODS induced by heatstroke. In
this review, we summarized molecular mechanism, key transcriptional regulation as for HSF1, NRF2, NF-xB and PARP-1,
and potential therapies of cell death resulting in CNS, liver, intestine, reproductive system and kidney injury induced by heat
stress. Understanding the mechanism of cell death provides new targets to protect multi-organ function in HS.
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Introduction
Epidemiology of heatstroke

Extreme heat events are becoming permanent features of
summer seasons worldwide, causing many excess deaths.
Heat-related morbidity and mortality are increasing further
as climate change progresses [1]. Exposure to extremely
high temperatures causes heatstroke which could lead to
needless suffering and death. In high-income countries, heat

Zixin Wang and Jie Zhu contributed equally to this work.

4 Liangping Wu
drwulp@163.com

> Zhifeng Liu
Zhifengliu7797@163.com

Department of Metabolic Surgery, Jinshazhou Hospital
of Guangzhou University of Chinese Medicine,
Guangzhou 510010, China

Department of Pediatric, General Hospital of Southern
Theater Command of PLA, Guangzhou 510010, China

Department of Medicine Intensive Care Unit, General
Hospital of Southern Theater Command of PLA,
Guangzhou 510010, China

Department of Thoracic Surgery, Foshan Clinical Medical
School of Guangzhou University of Chinese Medicine,
Guangzhou, Guangdong, China

is one of the largest weather-related causes of death [1].
In addition to mortality, hot weather and heat extremes are
associated with increased emergency room visits and hos-
pital admittance [2—4], increased deaths from cardiorespira-
tory and other diseases [5], mental health issues [6], adverse
pregnancy and birth outcomes, and increased health-care
costs [7] (Fig. 1).

Pathogenesis and pathophysiology of heatstroke

Heatstroke is a severe life-threatening disease, typically
characterized by an increase in core body temperature more
than 40° C and convulsion, delirium, or coma which lead by
central nervous system (CNS) dysfunction [8]. According
to the main classification method, heatstroke is divided into
two types, namely, classic heatstroke (CHS) and exertional
heatstroke (EHS) [9]. Our review focuses on the pathogen-
esis and pathophysiology of CHS, especially induced by key
transcription factors and the associated major organ injuries
induced by CHS [10]. The original pathogenic and patho-
physiologic mechanisms of heatstroke could be described as
two stages which change from a compensable thermoregu-
latory stage to a non-compensable stage. Our group puts
forward the theory of second strike of heat stroke. The body
first receives damage due to direct heat stress, and then sec-
ondary damage due to immune disorders and blood clotting
disorders. The HS-induced damage appears in major organs,
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Fig. 1 Heat stress causes cell death in multiple organs

such as brain, lung, intestine, liver, kidney, and reproductive
system. We elaborate the main factors and mechanisms of
pathogenesis and pathophysiology below.

Key transcription factors in heat stress regulation
HSF1

During the response to heat stress, heat shock proteins
(HSPs) are induced, which correct protein misfolding.
The heat shock factor family includes HSF1, HSF2, HSF3,
HSF4, HSFX and HSFY [13]. HSF1 binds to the promoter
of heat shock proteins and is involved in the transcriptional
regulation of many heat shock proteins including HSP70,
HSP90, HSP110, HSP40 and small HSPs [14]. HSFI is
also involved in the regulation of cell death. HSF1 inhibits
endogenous and exogenous apoptosis by directly regulating
HSP [15]. HSP70 inhibits activation of Bax and down-regu-
lation of the anti-apoptotic protein MCL-1 [16]. In addition,
HSP70 plays an important role in the caspase-independent
apoptotic pathway. It can inhibit apoptosis by interacting
with apoptosis-inducing factor (AIF). Conversely, apopto-
sis-associated proteins also inhibit the activation of HSFI.
HSF1 and scaffold attachment factor B (SAFB) can form
stress granules that up-regulate HSP27 and HSP70, which
are involved in heat stress-induced apoptosis [17].
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HSFI1 binds to the promoter region of ATG7, a key
enzyme in autophagy, and upregulates ATG7 expression,
thereby promoting protective autophagy in cells [18].
Another important target gene of HSF1 is p62/SQSTM1,
which is involved in the formation of autophagic vesicles.
p62/SQSTM1 is involved in the phosphorylation of key resi-
dues S349 and S403 for its activation in an HSF1-dependent
manner, and HSF1 can induce autophagy to enhance cell
survival by regulating the activity of p62/SQSTMI1 [19].

Erastin upregulates the expression of HSP27, which regu-
lates iron uptake by stabilizing the cytoskeleton and down-
regulates iron taken up by transferrin receptor 1 (TFR1), in
an hsfl-dependent manner. Meanwhile, HSF1 contributes
to nuclear translocation and stabilization of p53, and many
studies have shown that p53 promotes ferroptosis by regu-
lating SLC7A11 [20]. However, the mechanisms of HSF1
regulating ferroptosis have not been fully elucidated and
deserve further study.

NRF2

Nrf2 is a key transcription factor that regulates oxidative
stress response and is involved in a variety of biological
processes such as neuroinflammation, mitochondrial dys-
function, autophagy, ferroptosis, etc. [21]. Dysregulation of
the Nrf2 may lead to a range of disease progression. Stud-
ies have shown that Nrf2 upregulates hsp70, hsp90, hsp110
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and the superoxide dismutase (SOD), glutathione peroxidase
(GPX), to increase heat tolerance in Drosophila [22]. Mean-
while, in the liver of heat-stressed mice, the expression of
Nrf2 and macrophage migration inhibitory factor (MIF) is
up-regulated, which was involved in the regulation of oxi-
dative stress, mitochondrial dysfunction, and inflammatory
pathways [22]. Nrf2 is also involved in oxidative stress and
apoptosis in mammary epithelium of cows under heat stress
[23]. Camel whey protein could reduce hepatic HMGB1
release and attenuate heat stress-induced oxidative stress
injury by up-regulating Nrf2 in hepatocytes [24].

NF-kB

Heat stress affects NF-kB-regulated signal transduction
involved in the regulation of cell death and inflammatory
response [25]. Heat stress reduces the immune response in
the ileal region of chickens induced by Salmonella infec-
tion through the NF-«B/NLRP3 [26]. Meanwhile, activa-
tion of the TLR4/NF-kB and NLRP3 pathways induced
hepatic inflammation in broiler chickens [27]. Heat stress
induced aseptic inflammatory responses in the mouse hip-
pocampus, including microglia and astrocyte activated and
producing pro-inflammatory cytokines. f-Hydroxybutyric
acid (BHBA) suppressed heat stress-induced inflammation
by inhibiting the activation of the TLR4/p38 MAPK and
NF-xB pathways [28]. Meanwhile, heat stress significantly
up-regulated necroptosis-related molecules RIP1 and MLKL

in rat lung microvascular endothelial cells (PMVECs) in a
time-dependent manner, whereas RIP3 was not significantly
up-regulated [29]. It is also involved in the generation of
ROS in PMVEC [30].

PARP-1

Poly (adp-ribose) polymerase-1 (PARP-1) is a dna-binding
protein which play an important role in inflammation. HS
promotes nuclear translocation of AIF and leads to PARP-1
dependent neuron death, whereas Xuebijing injection inhib-
its oxidative stress via PARP-1/AIF pathway in rats brain
under HS [31]. The ubiquitin ligase RNF4 ubiquitinates
PARP-1 and affects its stability, which regulates HSP70 and
participates in the heat stress response. It has been shown
that inhibition of PARP activity increases the expression
of HSPs and decreases cytokine levels, thereby improving
survival. PARP1 inhibitors may have potential therapeutic
value in HS [32] (Fig. 2) (Table 1).

Mechanisms of heatstroke-induced cell death

The pathogenesis of heatstroke-induced cell death involves
multiple mechanisms. In addition to typical apoptosis, heat
stress due to cell death via pyroptosis, necroptosis, ferrop-
tosis and PANoptosis. These modes of cell death regulate
heat stress and further development of heatstroke in differ-
ent level.
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Fig.2 Key transcription factors in heat stress regulation
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Table 1 The overview of key transcription factors in cell death

Key transcription ~ Cell death Upstream regulators Downstream effectors Expression
factors

HSF1 Apoptosis - HSP70, HSP90, HSP110, HSP40, small HSPs l

NRF2 Ferroptosis, apoptosis - hsp70, hsp90, hsp110, SOD, GPX, HMGB1 |

NF-xB Necroptosis, pyroptosis TLR4, BHBA NLRP3 |

PARP-1 Apoptosis caspase-3,-8 HSP70, HSPs T

a. “1” or “|” indicates the expression correlation between key transcription factors and cell death is positive or negative, respectively

b. “~” means no relevant information to our review

HS & apoptosis

In the previous studies, apoptosis is referred to as the only
mechanism of cell death, which has been the main subject of
studying for the past three decades. The damage of nuclear
membrane by caspase-6, the damage of genomic DNA into
nucleosomal structures, the cleavage of intracellular pro-
teins, the membrane blebbing, and the phosphatidylserine
(PS) molecules exposing on the outer surface of the plasma
membrane, which are the symbol of apoptosis and are widely
used to identify the cell death pathway. The essential feature
of apoptosis is related to two major pathways, the internal
and external pathways. The internal pathway is regulated
by the oligomerization of the B-cell lymphoma-2 (BCL-2)
family proteins (eg. BAK and BAX), which also lead to the
release of cytochrome c¢ from mitochondria to cytosol and
balance the promoting and demoting of apoptosis. The pro-
moting and demoting proteins of the BCL-2 family involve
initiator caspases (caspase-8, -9 and -10) and effector cas-
pases (caspase-3, -6 and -7). The external pathway is regu-
lated by the membrane receptors, for instance Death Recep-
tors, Toll Like Receptor 4 (TLR4), or Tumor necrosis factor
receptor 1 (TNFR1), involving Fas-associated death domain
protein (FADD) or Tumor necrosis factor receptor 1-associ-
ated death domain protein (TRADD), receptor-interacting
serine/threonine protein kinase 1 (RIPK1) and caspase-8.
These proteins activate the progress of apoptosis through the
crucial effector caspases (caspase-3 and -7), and subsequent
activating caspases (caspase-2, -6, -8, and -10) [33].
According to F. Zhao et al. researching, their studies have
shown that one of the well-documented mechanisms of heat
stress-induced human spermatozoa’s cell death is apoptosis
and melatonin shows dramatically potential in protecting
sperm from heat stress and oxidative damage [36]. There
is a large number of reactive oxygen species (ROS) genera-
tion with the development of heat stress and affects human
spermatozoa’s viability and motility via doing harm to the
intracellular homeostasis and leading to apoptosis in human
spermatozoa. When heat stress happens in human spermato-
zoa, melatonin can alleviate the damage by suppressing ROS
generation and apoptosis in human spermatozoa, increasing
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mitochondrial membrane potential, reducing sperm DNA
damage, reducing the lipid peroxidation product and 4-HNE
formation. The role of melatonin is similar to that of anti-
oxidant [37].

Besides, J. Zhu et al. previous studies, their findings indi-
cate that neuronal apoptosis is a vital basis of heat stress-
induced brain injury and microglia in heat stress actively
induce apoptosis of hippocampal neurons by means of
a transwell coculture system. MiR-466i-5p which was
screened by high-throughput sequencing and further con-
ducted gene ontology (GO) pathway analysis is consid-
ered as the mostly upregulated microRNAs in heat stress
exosomes and may regulate apoptosis through the Bcl-2/
caspase-3 pathway [38, 39]. By qRT-PCR, histopathologi-
cal analysis, immunohistochemistry, statistical analysis, and
another basic experiments, J. Zhu et al. explored the func-
tion of miR-466i-5p and its effect on neuron apoptosis and
further brain injury. MiR-466i-5p antagomir, a treatment for
HS apoptosis-induced brain injury. Heatstroke patients with
brain injury have a poor prognosis because it is primarily
due to heat-stress-induced neuronal apoptosis, which is now
understood to be a new crosstalk mechanism among cells
that involves microglial exosomal miR-466i-5p. This mecha-
nism promotes hippocampal neuron apoptosis and contrib-
utes to brain injury in heatstroke patients. In t J. Zhu et al.
studying, a potential treatment was found that nasal delivery
of miR-466i-5p antagomir reversed HS neuron apoptosis and
relatived brain injury [38, 40].

HS & pyroptosis

Pyroptosis is a classical type of programmed cell death
which could be described with the loss of plasma membrane
damage inducing by inflammasome sensors activation [33].
Furthermore, the essential requirement of pyroptosis could
be described with both active caspase-1 and PI positivity
[41]. In addition, caspases have been identified as media-
tors of pyroptosis [42, 43]. Once activated, caspase-1 and
caspase-11 mediate the cleavage of gasdermin D (GSDMD),
eliminating an autoinhibitory carboxy-terminal domain from
GSDMD. This action enables the N-terminal fragment to
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form pores on the plasma membrane, finally inducing pyrop-
tosis [43, 44]. Such as mature IL-1p, mediated by the release
of cytokines as well as necroptosis in living cells, without
signal peptides [45, 46].

Yan Geng et al. discuss that heat stress-induced hepat-
ocyte pyroptosis in vivo and in vitro by mediating High
mobility group box-1 protein (HMGB1) signaling activa-
tion [47]. Most of HS patients who had significantly high
mortality always increased HMGB1 levels in a certain extent
[48]. To further confirm the role of HMGB1, Wang et al.
used HMGB1 monoclonal antibody to specifically block
the effect of HMGBI1 to explore the key role of HMGB1 in
heat stress-induced ALI [49]. Meanwhile, HMGBI1 is the
most strongly associated inflammasome sensor in the devel-
opment of pyroptosis and uncontrolled inflammation [50].
Additionally, the proteomic analysis demonstrated that the
pathway primarily affected by heat stress was programmed
cell death regulation [51]. Activation of the inflammasome
accompanies HS-induced liver injury, effectively initiating
the activation of IL-1p and pyroptosis in hepatocytes, lead-
ing to severe liver damage [47].

Taken all together, these findings suggest that HMGB1
is necessary for hepatocyte pyroptosis and subsequent heat
stress-induced liver injury amplification [47, 52, 53].

HS & necroptosis

Necroptosis, as known as one of the traditional three pro-
grammed cell death (PCD), medicates cell death by four
important factors, RIPK1, RIPK3, MLKL and ZBPI1. As
a caspase-dependent PCD, caspase-8 is vital to medicate.
Caspase-8 suppresses the kinase activation of RIPK1 and
mediates the cleavage of RIPK1. Active RIPK1, the main
pathway to medicate necroptosis, forms necrosome (com-
plex IIb) also includes PIPK3 and MLKL under apoptosis-
deficient condition [54]. Additionally, Caspase-8 has the
capability to cleave RIPK3. Meanwhile, RIPK1 is activated
under heat stress, metabolic and hypoxia [55-57]. Inde-
pendent of these typical pathways, Z-DNA binding protein
1 (ZBP1) medicates necroptosis in research in recent years
[45, 58].

Heat stress elevated the necrotic cell rate and expression
levels of RIPK1, RIPK3, and phosphorylated MLKL in
IEC-6 cells [59]. The heightened expression levels facili-
tated increased formation of the RIPK1-RIPK3 complex,
leading to necrosome formation. As a cellular consequence,
HS induced necroptosis, oxidative stress response, and mito-
chondrial damage, eventually resulting in small intestinal tis-
sue injury. The ROS scavenger N-acetyl-L-cysteine (NAC)
pretreatment notably inhibited HS-induced RIPK1/RIPK3-
dependent necroptosis formation. Consistent with our find-
ings, Nec-1 or GSK’872 pretreatment reduced HS-induced
intestinal injury in vivo. Scavenging ROS production also

inhibited HS-induced RIPK1/RIPK3-dependent necroptosis
activation both in vivo and in vitro [60]. These results sug-
gest that preventing necroptosis through scavenging ROS
production may cell death induced by HS and alleviate small
intestinal tissue injury [61].

Moreover, Fangfang Yuan et al. found a Z—nucleic acid
receptor, ZBP1, which appears to mediate heatstroke via
necroptosis by triggering a key receptor, receptor interact-
ing protein kinase 3 (RIPK3)-dependent cell death. Mean-
while, deleting the ZBP1, RIPK3, caspase-8, and mixed
lineage kinase domain-like (MLKL) can decrease heat
stress—induced injury, such as cell death, circulatory failure,
and organ injury [62-65]. Their study identifies the key role
of ZBP1 in promoting the pathologic pathway of heat stress
through RIPK3-dependent cell death [66, 67].

HS & ferroptosis

Ferroptosis, a distinctive form of cell death propelled by
iron-dependent phospholipid peroxidation, is under the con-
trol of several cellular metabolic pathways. These pathways
include redox homeostasis, iron handling, mitochondrial
activity and metabolism of amino acids, lipids and sugars,
alongside diverse signaling cascades implicated in patho-
logical conditions [68]. The regulation of reactive oxygen
species (ROS) levels and cellular metabolism can influence
ferroptosis, impacted by intracellular and intercellular sign-
aling events as well as environmental stresses. Moreover,
nutrient supply control the cell metabolic state. The meta-
bolic regulation is crucial in understanding the connection
between ferroptosis and pathologies linked to tissue dam-
age, where ferroptotic cell death plays a key role in cell loss
[69]. Therefore, inhibiting ferroptosis emerges as a potential
therapeutic strategy for these pathologies.

The discovery of ferroptosis also enables advances in the
treatment of cancer [70]. Manipulating cell action rather than
indiscriminately activating or restraining immune response
could avoid unnecessary systemic inflammatory response
and accurately regulate autoimmune diseases [71]. Espe-
cially, heat stress-induced metabolic control, ferroptosis, is
active in cancer cell. S. Xie et al. finding that heat stress
disrupts the redox homeostasis of tumor cells by inhibiting
the synthesis of GSH, resulting in the production of a large
amount of LPO through lipid metabolic reprogramming
and redox, which eventually induces tumor ferroptosis [72].
Furthermore, the discovery of the key regulator ACSBG1,
as an acyl-CoA synthetase, allows for the transformation of
prostate cancer cell death from ferroptosis to non-ferroptotic
death. This metabolic reprogramming might to be an effec-
tive treatment of plastic tumors and be able to avoid damage
to normal tissues. Consequently, knockout ACSBGI in this
process could determine which type of cell death to tumor
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is more sensitive and have a potential treatment in prostate
cancer [73].

In Yingyi Luan et al. studying, they found that baica-
lein may protect HK-2 cell from endoplasmic reticulum
stress (ERS)-associated ferroptosis under heat stress, which
induced by high myoglobin, associated with acute kidney
injury (AKI) [74]. Serum myoglobin, related with incident
rhabdomyolysis (RM)-induced AKI after exertional heat-
stroke (EHS), was predicting the occurrence and progno-
sis of AKI that serum myoglobin > 1000 ng/mL in EHS.
Consistent with their findings, the experimental models
they used also indicated that after heat stress, the effect of
myoglobin on human kidney proximal tubular cells includes
exacerbating cell ferroptosis and inducing the ERS response.

HS & PANoptosis

PANoptosis, is first known as a pathogen infection model
in current studying, originally characterized as an inflam-
matory cell death modulated by PANoptosome. The key
features of PANoptosis includes apoptosis, necroptosis, and
pyroptosis [75]. According to the recent research, PANopto-
sis predominantly relates to the formation of PANoptosome,
namely, a certain kind of polyprotein complexes. The com-
position of PANoptosome varies depending on the triggering
factors, but it consistently incorporates with ZBP1, absent in
melanoma 2 (AIM?2), RIPK3, RIPK1, apoptosis-associated
speck-like protein containing a caspase recruitment domain
(ASC), Fas-associated protein with death domain (FADD),
CASPS, along with key components responsible for per-
forming pyroptosis, apoptosis, and necroptosis [77].

Gasdermin family proteins (e.g., gasdermin D) or MLKL
mediate programmed necrosis in vertebrates. When these
proteins are activated, pores are formed on intracellular or
cytoplasmic membranes [78-81]. MLKL is activated by
RIPK3-dependent phosphorylation and produce a type of
programmed cell death, namely, necroptosis [80, 81]. More-
over, activation of gasdermin D (GSDMD) triggers other the
type of programmed cell death, namely, pyroptosis, which is
also closely related with PANoptosis associated ZBP1 [78,
79]. In sepsis, immoderate activation of GSDMD causes
multiple organ dysfunctions and disseminated intravascular
coagulation (DIC), which is an infection-induced severe dis-
ease as same as heatstroke in clinical signs [8, 82, 83]. They
systematically elaborated the possible pathogenesis and
mechanisms of heat stress-induced programmed cell death
and It is found that ZBP1, a Z—nucleic acid sensor [63-65],
induces the pathological features of heat stress by trigger-
ing the activation of RIPK3-induced MLKL-dependent cell
death and caspase-8 (casp8)-dependent cell death in a lesser
extent.

Yuan F et al. found that heat shock transcription fac-
tor 1 (HSF1) promoted the expression of Z-DNA binding
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protein 1 (ZBP1) and primarily activated ZBP1 through the
RHIM domain under heat stress, thereby mediating RIPK3
dependent programmed cell death, including PANoptosis
[62]. In the latest research, M. Zheng et al. have also found
that ZBP1 regulates PANoptosis through RIPK3, RIPK1,
and CASPs during influenza virus infection [84]. PANopto-
sis is a regulated cell death mechanism coordinated by the
PANoptosome, a multi-protein complex. This pathway fos-
tered co-regulation and crosstalk among cellular processes
[62]. In addition, heat stress stimulated ZBP1 transcription
in the liver, lung, kidney, and intestine [64, 66]. Due to the
presence of many key proteins and their related molecules
in the process of PANoptosis, these molecules are expected
to serve as drug targets for the development of specific ther-
apeutic drugs for heat stroke, thereby bringing significant
improvements to the prognosis of heat stroke [62, 85, 86]
(Fig. 3).

HS & autophagy

Autophagy is a cellular process for degrading and recycling
proteins and organelles to maintain intracellular homeo-
stasis. Though the autophagy mechanisms or excessive
autophagic flux often result in cell death, consistent with
our findings, it still serves a protective function in cells [87,
88]. SZ Liu et al. explore the augmentation of autophagy in
disease therapy and propose a novel viewpoint emphasizing
its utilization for various functional transitions, including
both autophagy and different modes of autophagy-mediated
cell death to treat heat stress-induced organ injuries in clinic
[89].

Previous research has shown that autophagy is inhib-
ited by AKT and ameliorated by AMPK. [90] By labelling
autophagy-associated markers [91], Hu, J.M. et al. find that
autophagy is triggered to eliminate damaged organelles and
proteins, serving as pivotal regulators of cellular homeostasis
during heat stress [92]. Ethyl pyruvate (EP), a derivative of
pyruvic acid, effects with antioxidant and anti-inflammatory
[93]. By inducing stress proteins and activating autophagy
in rats, EP mitigates heat stress-induced multi-organ dys-
function and inflammatory responses. Their study examines
the impact of EP on multiple organ dysfunction (MOD) in
HS rats and elucidate potential mechanisms, finding that EP
might hinder the dysfunction of autophagosome degrada-
tion induced by HS [89]. According to Quentin Willot et al.
research, they find that heat stress would induce an upregu-
lation of autophagy in the tissues of flies and exposure to
rapamycin would elicit a measurable autophagic response
in adult flies, consequently enhancing their heat tolerance
[94, 95]. These findings provide compelling evidence for a
significant protection role of autophagy in the mechanisms
heat stress-induced organs damage.
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Fig.3 Heat-induced cell death pathway

Based on our theory of heatstroke, different from sepsis
and tumors, human body first receives damage due to direct
heat stress, as a physical stimulus, and then secondary dam-
age due to immune disorders and blood clotting disorders.
As for the cell death induced by tumors and sepsis, human
body is damage by tumor cells and inflammatory factors
directly at first time, which included complex biochemical
stimulus, then causes multi-organs injuries as same as the
heat stress induced. Furthermore, different from previous
widely known research on heat stress-induced organ inju-
ries, heat stress with specifically temperature even has objec-
tive effects on the treatments of some type of tumors. Also,
autophagy, a special type of cell death, play an important
role in protecting organ’s function form heat stress-induced
damage.

The therapy of cell death in heatstroke and clinical
perspective

Traditional views suggested that heatstroke may mainly
originate from simple physical injury. Clinical interventions
currently mainly included cooling and supportive treatment,

without suitable specific therapeutic drugs available. How-
ever, there are some potential treatments for different organs
that deserve further investigation.

Melatonin

Melatonin, a treatment for HS apoptosis-induced spermato-
zoa injury. The quality of human spermatozoa is the impor-
tant factor to the outcome of pregnancy [96]. However, heat
stress-induced oxidative damage reduces the reproductive
capacity of spermatozoa. Based on F. Zhao et al. finding,
it is melatonin that could be a potential clinical treatment
and reproductive technology for male spermatozoa injury,
especially in heat stress-induced oxidative stress injury [37].

Dexmedetomidine

Dexmedetomidine (DEX), as a selective a,-adrenergic ago-
nist, in addition to its well-known threapy, there is a hotspot
with DEX in the research of protecting organs injury and
improving survival with increasingly clinical applications
in recent years [97-99]. Several clinical and fundamental
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investigations have validated that DEX is able to diminish
inflammatory reactions by modulating the immune system,
trigger anti-apoptotic pathways for cellular protection against
damage, and confer protective effects on diverse organs
such as the brain, intestine, lung, and kidney. Remarkably,
clinical trials have demonstrated that DEX can mitigate the
systemic inflammatory response and multiple HS-induced
organs injury [100].

In the study of P. Li et al., DEX showed its ability to
reduce neuron apoptosis and neuroinfammation in the pro-
gression of CNS diseases caused by heatstroke [101]. Their
research has revealed that DEX has the ability to decrease
neuroinflammation by stimulating the transformation of
microglial cells into a phenotype with no nerve-damaging
functions [102]. In summary, these discoveries suggest that
DEX may be a potential therapeutic strategy for ameliorating
HS-induced brain injury and neuroinflammation by activa-
tion of the PI3K/Akt signaling pathway through TREM?2
[103].

In Y. Geng et al. research, they found that heatstroke
induced acute lung injury (ALI) and pulmonary dysfunc-
tion, but DEX treatment can effectively inhibit lung injury
and improve respiratory dysfunction. HS also leads to a
significant upregulation of the Toll-like receptor 4 (TLR4)/
MyD88/NFkB signaling pathway in lung tissue,which
effects could be counteracted by the treatment of DEX.
Additionally, DEX treatment can restore the downregulated
expression of caveolin 1 caused by HS, thus contributing to
the inhibition of the TLR4/MyD88/NFkB signaling pathway
[104]. By inhibiting the inflammatory response, DEX may
potentially provide effective protection against HS-induced
ALI Consequently, it is suggested that DEX holds promise
as a viable and efficient threapy for heatstroke [105].

In present investigation, DEX showed its administra-
tion of the significant reduction in systemic inflammatory
response and the protective effects against intestinal dys-
function. This was achieved by inhibiting intestinal apop-
tosis and preserving the integrity of the intestinal barrier
during heatstroke [106, 107]. In Z. N. Xia, et al. studying,
comparable findings were identified in HS mice, represented
as structural damage to intestine. DEX could simultane-
ously decrease the level of serum inflammatory cytokines
through inhibiting the activation of intestinal NF-kB [108].
Their results also showed that DEX decreased HS-induced
TUNEL-positive cells in a Bax/Bcl-2-related manner [109].
Taken together, their results indicate that DEX treatment
significantly prevented intestinal injury, maintained the
structure of intestine, increased the expression of the main
tight junction proteins, occludin and ZO-1, and decreased
apoptosis in intestine [100].

Heatstroke also leads to systemic inflammation, result-
ing in vascular endothelial damage. Endothelial glycocalyx
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(EGCX) coats the normal vascular endothelium [110]. DEX
not only preserved EGCX but also improved survival in rats
model [111].

Thrombomodulin

The treatments for heat stress-induced liver damage included
supportive therapy and liver transplantation. The emphasis
is primarily on supportive therapy, which includes throm-
bomodulin (TM) intervention, early oxygen supply, cooling
treatment, continuous blood purification, anti-inflammatory
treatment, anticoagulant therapy. For patients with irrevers-
ible liver damage, liver transplantation is a possible option.
Especially, TM had been shown to reduce plasma HMGB 1
levels even when treatment was delayed [112]. Besides ame-
liorating heat stress-induced liver injury by improving the
coagulation state systemically, these findings also suggested
that excessive inflammatory reactions effectively inhibited
by TM in heat stress. In conclusion, TM supplementation is
ought to be a crucial treatment strategy for patients with HS
as it effectively improves heat stress-induced liver injury,
potentially through various mechanisms. Y. Geng et al. con-
ducted a systematic analysis of the potential mechanisms
and treatment strategies associated with heat stress-induced
liver injury. This comprehensive investigation has laid the
groundwork for a theoretical understanding and identified
future research direction in the field of heat stress-induced
liver injury [47].

Mesenchymal stem cell

Mesenchymal stem cells (MSCs) can arrive brain tissue that
needs treatment, crossing the blood—brain barrier. Multidi-
rectional differentiation can be one way for them to achieve
therapeutic goals [113]. MSCs have the ability to differenti-
ate into various adult cells, including chondrocytes, osteo-
blasts, neural progenitor cells, and others so that MSCs can
be used in brain injury treatment [114]. However, on the
other hand, the powerful repair function also carries the
risk of causing cancer. There is still an unclear risk of the
host immune system's immune response to it. In addition,
research has shown that another way to exert its effect is
through paracrine mechanisms [113]. Some research evi-
dence suggests that it achieves therapeutic effects more
through paracrine mechanisms rather than differentiated cell
replacement mechanisms [114]. The secretion of nutritional
factors including MCP-1, IL-6, growth factors-f, and oth-
ers enable the control of inflammation in the damaged brain
area, while promoting the formation of new blood vessels.
Meanwhile, the remaining undamaged brain cells were also
protected [113]. The released exosomes may play a crucial
role in achieving their therapeutic effects. These exosomes
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are mostly vesicles containing miRNAs, RNAs, proteins,
or long noncoding RNAs. Although various experimental
data indicate the feasibility of using MSCs in the treatment
of brain injury, clinical applications usually consider safety
issues, making it difficult to evaluate the efficacy [115].

High pressure oxygen

In Ni, X. X. et al. studying [116], it was observed that high
pressure oxygen (HBO) attenuated cytotoxicity, oxidative
injury (measured by malondialdehyde levels), reactive
oxygen species (ROS) generation, and decreased SOD
activity and apoptosis in HS. Treatment with the Drpl
inhibitor (Mdivi-1) yielded similar effects and showed
a tendency to reduce oxidative injury [117]. Both HBO
and Mdivi-1 reduced the phosphorylation of DrpSer616
induced by HS, and HBO also decreased the phosphoryla-
tion of protein kinase C (PKC) induced by HS. Further-
more, both PKC inhibitor and ROS scavenger suppressed
p-DrpSer616 in HS.

Building on previous findings [118, 119], excessive heat
stress in body and scrotum, surpassing the normal physi-
ological temperature range, may result in a reduction in germ
cells within the testes, potentially leading to male infertility.
Hsieh, K. L. et al. findings suggested that HBO precondi-
tioning (HBOP) effectively mitigated hyperthermia in the
body core and scrotum, as well as mitigating decreases in
sperm count and motility, abnormalities in the testes/pros-
tate/bladder, erectile dysfunction, and neurological impair-
ments in adult male rats subjected to EHS [120]. Reducing
expression levels of tight junctions (TJs) proteins induced
by EHS and the increased apoptosis of Sertoli-Leydig cells,
scrotal temperature, sperm quality, testicular structure, and
erectile function can be alleviated by HBOP in rats experi-
ments [121].

N-acetylcysteine

Intestinal damage is recognized as a pivotal factor in sev-
eral critical illnesses in heatstroke [122]. Because of a
diminished blood flow to the small intestine, prioritizing
to brain and heart, the small intestinal epithelial tissue
undergoes ischemia in hypoxic conditions, potentially lead-
ing to permanent tissue damage [123]. Heat stress caused
damage to both the small intestine and intestinal epithelial
cells, according to Li Li et al. Scavenging ROS produc-
tion can alleviate this damage by significantly reducing
RIPK1/RIPK3-dependent necroptosis, which mediates heat
stress-induced intestinal damage. This sequence of events
significantly hampers the functionality of small intestinal
villus epithelial cells, triggering excessive cell death and
increasing the risk of mortality. Remarkably, there was a

significant reversal of HS-induced oxidative stress injury in
intestine observed in both animals and cells that had been
pre-treated with ROS scavenger N-acetylcysteine (NAC). In
both in vitro and in vivo, NAC pretreatment led to a dramatic
inhibition of necrosome formation in HS. Their finding sug-
gest that future therapeutic strategies for patients diagnosed
with heat stress-induced intestinal injury could focus on tar-
geting this mechanism [59].

Baicalein

Baicalein is a treatment for HS ferroptosis-induced kidney
injury. The data based on an clinical experiment involving
about 200 patients in Y. Luan et al. research, showed that
baicalein is likely to be a targeted therapeutic medication
to reduce AKI patients with high myoglobin according to
both the outcomes and baseline characteristics of serum
biomarkers of RM in patients who underwent EHS strati-
fied according to the incidence of AKI, and the association
of myoglobin and AKI and 90-day mortality following
EHS [74].

Ulinastatin

Ulinastatin (UTI), which found extensive application in
treating diverse ailments, is a wide-ranging serine protease
inhibitor derived from human urine, possessing potent anti-
inflammatory and cytoprotective properties [124—126]. The
current study of Tao Zhen et al. represents that UTI may
confer protection against heat stress-induced brain injury
and inflammatory responses by inhibiting cellular apoptosis
and blocking the NF-kB/COX-2 pathway in rats. This study
offers fresh insights into the mechanism through which UTI
mitigates heatstroke-induced brain injury. Consequently,
UTI could present a promising therapeutic approach for heat
stress-induced brain injury [127, 128]. According to Peng
Na et al. research, UTI may be an effective medication for
early treatment of SHS-induced kidney damage. UTI inhibits
the decline in superoxide dismutase (SOD) and glutathione
peroxidase (GPx) activity, thereby reducing the level of
malondialdehyde (MDA) in the kidneys of SHS rats, allevi-
ating renal oxidative stress levels. Meanwhile, pathological
damage to the kidneys and renal function parameters are
improved [129]. Other previous research also showed that
UTI has protective effects to against heat stress-induced
acute lung injury by reducing the inflammatory exudation
and pulmonary edema in mice [130].

Probiotics

Probiotics, comprising bacteria and yeast, are viable micro-
organisms that are beneficial to human health. It has been
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documented through animal experiments and clinical trials
that probiotics have the potential to modulate intestinal
microbiota, thereby controlling various gastrointestinal
diseases and promoting overall well-being [131, 132]. Lei
Li et al. results demonstrated that bacillus licheniformis
(BL), a kind of probiotics, maintaining the function of
intestinal barrier and modulating gut microbiota (GM), by
pre-administration of BL for 7 days which prevented the
onset of HS induced multi-organ injuries and mitigated its
progression [122, 133, 134]. H. Cali, et al. find that probiot-
ics can remodel GM by ameliorating heat stress-induced
necroptosis in male germ cells [135]. During prolonged
systemic heat stress, based on probiotic modification of
GM decreases the expansion of aberrant bacteria and miti-
gates the dissemination of gut-derived inflammatory medi-
ators into bloodstream, thereby alleviating inflammation in
germ cells [136]. Overall, to gain a better understand of the
therapy of HS-induced intestinal diseases even multi-organ
injuries, we need further future directions and research in
the area of beneficial effects of probiotics (Table 2).

Conclusion and prospect

Cell death is necessary for growth and development under
tight regulation by the organism. Excessive cell death when
regulation is impaired leads to the progress of a variety of
diseases. Many molecular markers of death are now defined,
for example, RIPK, MLKL are involved in the regulation of
necroptosis, caspase-1, GSDMD are involved in the regula-
tion of pyroptosis, and iron ion overdeposition is involved in
the regulation of ferroptosis. Different patterns of cell death
exist at different stages of injury to different organs under
heatstroke. A comprehensive understanding of how cell die
can help counteract aberrant under heatstroke. Heat-induced
cell death can lead to the release of large amounts of DAMPs,
which further activates the immune response and creating
positive feedback. Use of specific cell death inhibitors may
attenuate heat-induced organ damage. However, there are
often multiple modes of cell death coexisting. Key molecules
may be involved in regulating multiple modes of death, such
as ZBP1, but the real situation is more complicated than we

Table 2 The mechanism of treatments to targets in the processing of HS-induced organs injury

Treatments Targets Mechanism Related-organs injury
Melatonin Human spermatozoa  Reducing oxidative sperm DNA damage as well as sperm DNA fragmenta- Reproductive system
tion
Dexmedetomidine  TREM2 Reversing the DEX-induced activation of PI3K/Akt signalling Brain
TLR4/MyDS88/NFxB  Upregulating the expression of caveolin 1 downregulated by HS via TLR4/ Lung
MyD88/NFkB signaling pathway
NFxB/Bax/Bcl-2 Inhibiting the activation of intestinal NF-kB and decreasing TUNEL-posi-  Intestine
tive cells in Bax/Bcl-2-related pathway
™ HMGBI1 Downregulating plasma AST and ALT levels; suppressing plasma TNF-a,  Liver
IL-1A, and IL-6
MSC inflammation Decrease secretion of MCP-1, IL-6, growth factors-f, and control neuroin-  Brain
flammation
HBO Drpl Regulating the Phosphorylation of Drpl Through ROS/PKC Pathway Brain
HBO TIs protein/ Maintaining tight junction protein expression and reducing serotli and Reproductive system
Sertoli-Leydig cell leydig cell apoptosis
NAC ROS Scavenging ROS production by reducing Intestine
RIPK1/RIPK3-dependent necroptosis
Baicalein Serum myoglobin Inhibiting ferroptosis by regulating ERS to alleviate rhabdomyolysis- Kidney
induced AKI
Ulinastatin NF-kB/COX-2 Inhibiting cellular apoptosis and blocking the NF-kB/COX-2 pathway Brain
SOD/GPx Inhibiting the decline in SOD and GPx activity, which reduces the level of ~ Kidney
MDA in kidney
Endotoxin Reducing the inflammatory exudation and pulmonary edema Lung
Probiotics Tnf-a, 11-1 B, and Ifn-y Improving the composition of GM and reducing the release of intestinal Intestine

pro-inflammatory factors
Same mechanism above, thereby decreasing the spread of gut-derived

Reproductive system

inflammatory factors into blood circulation, which relieves inflammation

on germ cell
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think. Targeting cell death inhibition process promises future
translation into clinical rescue of heatstroke.
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