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Abstract

Heatstroke is a life-threatening acute condition characterized by dysregulated temperature control, resulting in 
high core temperature and multi-organ dysfunction. Despite extensive research, the molecular mechanisms un-
derlying heatstroke-induced organ damage have not been fully elucidated. This review aims to summarize recent 
advancements in the field of heatstroke, focusing on etiological factors, organ damage, and molecular mecha-
nisms. By exploring the intricate interplay between heat-related cytotoxicity, inflammatory response, and tissue 
dysfunction, this review offers insights for future research and clinical practice in managing heatstroke patients. 
Further investigations are warranted to elucidate the specific mechanisms of organ damage and improve treat-
ment strategies for heatstroke.

Keywords: Heatstroke, organ damage, molecular mechanisms

Highlights
● Patients with heatstroke often suffer from multiple organ dysfunction and have a high fatality rate.
● The molecular mechanisms underlying multiple organ damage in heatstroke are complex.
● This review outlines the manifestations of multiple organ dysfunction caused by heatstroke and explores the 
   possible molecular mechanisms involved.  

Introduction

Heatstroke is a heat-related disease charac-
terized by hyperthermia (core body tempera-
ture greater than 40 °C) and delirium [1]. It 
can be classified into exertional heatstroke 
(EHS), caused by excessive heat production 
during physical activity in hot and humid 
environments, and classic heatstroke, more 
prevalent in the elderly or those with underlying 
health conditions affecting heat dissipation 
[2] .  Heatstroke of ten leads to mult iple 
organ dysfunction, initially impacting the 
cardiovascular system, followed by the central 
nervous, digestive, urinary, and respiratory 
systems [3]. To maintain a relatively stable 

body temperature and prevent heatstroke, 
the human body primari ly rel ies on the 
hypothalamus, which receives heat information 
from sensors in the skin, spinal cord, and 
internal organs. The hypothalamus regulates 
heat production and dissipation accordingly. 
Additionally, it is crucial to avoid excessively 
high environmental temperatures, as they can 
directly damage cells, induce oxidative stress, 
and compromise cell membrane stability, 
ultimately contributing to multiple organ 
dysfunction. Epidemiological data indicate an 
increasing incidence of heatstroke, exacerbated 
by extreme heatwaves and climate change [4, 
5]. In short, heatstroke can occur when the 
body’s temperature regulation function is im-
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paired or when environmental temperatures 
are excessively high, affecting various bodily 
systems.

Etiological and risk factors for the occurrence 
of heatstroke

Heat imbalance

Heat imbalance is a key pathogenic mecha-
nism of heatstroke, characterized by excessive 
heat production and limited heat dissipation 
in the body. Risk factors include high ambi-
ent temperatures, food intake, fever elevate 
metabolic heat production in a resting state, 
etc. Additionally, increased heart rate and 
pulmonary ventilation raise energy demands, 
further augmenting metabolic heat production. 
Skeletal muscles primarily contribute to the el-
evated basal metabolic rate [6]. During intense 
physical activity, skeletal muscle excitation-con-
traction coupling sharply increases the rate of 
metabolic heat production, reaching levels up 
to 15-20 times higher than at rest [7].

The excitation-contraction coupling mechanism 
of skeletal muscles proceeds as follows: Action 
potentials propagate along the sarcolemma and 
T-tubules, activating L-type calcium channels 
on the sarcolemma [8]. This activation induces 
a conformational change, opening calcium re-
lease channels in the sarcoplasmic reticulum, 
allowing calcium ions to be released into the 
cytoplasm along the concentration gradient 
[8]. The increased cytoplasmic calcium con-
centration initiates muscle contraction through 
binding to muscle calcium-binding protein C [9]. 
Subsequently, the majority of cytoplasmic cal-
cium ions are recaptured into the sarcoplasmic 
reticulum via the activated calcium pump in the 
sarcolemma [10]. Both muscle contraction and 
calcium reuptake by the pump require ATP for 
energy supply. Skeletal muscle contraction con-
sumes approximately 20% of metabolic energy, 
with the remaining 80% released as heat, con-
tributing to excessive heat production. Elevated 
heat from excessive production can promote 
the leakage of calcium ions from the sarcoplas-
mic reticulum, further enhancing skeletal mus-
cle metabolic heat production and potentially 
triggering heatstroke [11].

When body temperature rises, a cascade of 
pathophysiological responses occurs to main-
tain normothermia. This includes an increase in 
heart rate and cardiac output. Simultaneously, 
there is a redistribution of circulatory blood 
volume, with decreased flow to internal organs 
like the intestines and kidneys, and increased 
flow to the skin, reaching up to 50% of cardiac 

output. Heat carried by the bloodstream to the 
skin prompts vasodilation of skin blood vessels, 
while sweat glands actively secrete sweat to 
facilitate heat dissipation [12]. Dysregulation in 
sweat gland function can reduce overall sweat 
rate, significantly impairing the body’s ability to 
dissipate heat.

When skin temperature exceeds ambient tem-
perature, the body can still dissipate heat effec-
tively through dry mechanisms like conduction 
and convection. However, when ambient tem-
perature equals or exceeds skin temperature, 
evaporation becomes the primary heat loss 
avenue. In humans, evaporative heat dissipa-
tion occurs primarily through the conversion 
of sweat, secreted by skin sweat glands, into a 
gaseous state. Approximately 580 kcal of heat 
can be carried away per liter of evaporated 
sweat. Excessive evaporation leading to sig-
nificant sweat loss may reduce blood volume, 
particularly organ blood flow, diminishing heat 
transport to the skin via circulation. This can 
rapidly elevate core body temperature, ulti-
mately culminating in heatstroke. Moreover, in 
humid environments that hinder evaporation, 
sweat may accumulate on the skin surface, 
compromising the evaporative heat dissipation 
pathway and increasing heatstroke risk.

Heat adaptation disorder

Heat adaptation is a physiological phenomenon 
widely observed in mammals [13]. It refers to 
the adaptive response of individuals residing in 
hot environments for extended periods to heat 
exposure. Compared to individuals exposed to 
high temperatures for shorter durations, those 
living in such environments long-term typically 
exhibit increased heat tolerance. For instance, 
protein-carbohydrate supplementation during a 
5-day training period enhanced plasma volume 
expansion and thermoregulatory adaptation, 
thereby reducing heat and cardiovascular strain 
in young men [14]. It is indicated that heat ad-
aptation is closely associated with genetic fac-
tors, potentially involving enhanced physiologi-
cal functions facilitated by heat-tolerant genes 
or their products [15]. These functions play a 
significant role in maintaining cell membrane 
stability under conditions of elevated tempera-
tures [15].

Under normal physiological conditions, the in-
teraction between environmental temperature 
and signals transmitted from effector organs 
to the hypothalamic temperature regulation 
center, along with changes in the number and 
excitation levels of thermo-sensitive neurons, 
lowers the threshold for heat dissipation by or-
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gans and raises the threshold for heat damage. 
This broadens the adaptive range of dynamic 
body temperature regulation [15]. Clinical signs 
of heat adaptation include a lower core tem-
perature, decreased heart rate, and increased 
sweating responses during activities in high 
temperatures. While repeated elevation of core 
temperature is recognized as a primary stimu-
lus for promoting heat adaptation, recent years 
have brought debate over the optimal method 
to induce such adaptation [16]. It is important 
to note that individuals lacking heat adaptation 
capability are more susceptible to heatstroke, 
thus facing an increased risk of heat stress.

Preexisting diseases diminish heat tolerance

The “multiple hit hypothesis” suggests that the 
immune system, once “primed” by initial stimuli 
such as mild diseases, infections, skin aller-
gies, or blisters, becomes more susceptible to 
subsequent impacts of exercise-induced heat 
stress [17]. There is substantial evidence sup-
porting this hypothesis. For example, an experi-
ment with rats injected with lipopolysaccharide 
from Salmonella enteritidis, a gram-negative 
bacterial cell wall product triggering a reaction 
similar to that induced by live bacteria, showed 
a rapid increase in body temperature at a lower 
heat exposure temperature compared to rats 
injected with isosmotic saline without a heat 
source [18]. This suggests that concurrent or 
pre-existing inflammation or infection may in-
crease the risk of heatstroke. In addition, these 
preexisting conditions can exacerbate the pro-
gression of heatstroke, leading to increased 
mortality. An in vitro experiment demonstrated 
that pretreatment with tumor necrosis factor 
(TNF) and interferon (IFN) can enhance the 
heat stress-induced death of microvascular en-
dothelial cells [19].

In a study where participants engaged in brisk 
walking in high temperatures for four consec-
utive days and developed mild cellulitis due to 
foot blisters on the third day, their core tem-
perature was higher despite maintaining the 
same exercise intensity and duration as on the 
other days [20]. Moreover, the research indi-
cates that mild diseases or inflammation can 
increase susceptibility to heat injury or hyper-
thermia in both soldiers and volunteers [20]. 
Animal studies further support this, suggesting 
that mice with a prior history of disease, even 
if showing no overt clinical symptoms during 
heat exposure, experience increased severity of 
heatstroke [21].

Genetics and epigenetics alterations

Current research highlights EHS as a potentially 
life-threatening condition with long-term epi-
genetic implications observed in female mice. 
These studies suggest that EHS can induce 
epigenetic changes in monocytes, enhancing 
the production of robust immune cells char-
acterized by altered heat shock protein (HSP) 
responses and immunosuppression [22].

Additionally, epigenetics plays a critical role in 
regulating cellular heat adaptation, involving 
chromatin remodeling, particularly through 
post-transcriptional modifications of histones 
H3 and H4, such as phosphorylation and 
acetylation. During the consolidation phase 
of heat adaptation “memory,” short-term heat 
stress triggers phosphorylation of histone H3, 
crucial for heat shock factor (HSF)1 binding 
to heat shock elements and subsequent tran-
scription of HSPs like HSP70, irrespective of H3 
acetylation status. The heat adaptation pheno-
type is characterized by abundant reserves of 
HSP72 and HSP90, with HSP90 playing a piv-
otal role in regulating various proteins, includ-
ing facilitating HIF-1α nuclear translocation. 
Studies have indicated involvement of histone 
expression changes in the H1 cluster, multiple 
microRNAs, and other epigenetic markers in 
this process [15].

The susceptible gene ryanodine receptor (RyR) 
may play a role in the pathogenesis of heat-
stroke. Type 1 RyR (RyR1) serves as a calcium 
release channel in skeletal muscle, and muta-
tions in RyR1 can lead to channel overactiva-
tion, triggering malignant hyperthermia (MH). 
RyR1 selective inhibitors, such as the oxyquino-
line acid derivative (Compound 1), have shown 
potential in rescuing animals from EHS-induced 
heat stress [23]. Moreover, MH-related mu-
tations in the RyR1 gene have been reported 
in some cases of heatstroke [24]. Research 
indicates that at high temperatures (41 °C), 
calsequestrin-1 undergoes oligomerization, re-
ducing its interaction with RyR1/2 and increas-
ing RyR2 activity in ventricular muscle [25]. 
This regulation affects calcium release from 
ventricular muscle cells, influencing MH and ar-
rhythmias induced by environmental heatstroke 
[25]. Therefore, variations in RyR genes may 
contribute to heatstroke pathogenesis.

EHS has been linked to specific gene muta-
tions, particularly those at the g.31829044 
locus of the HSPA1B gene. HSPA1B, a subtype 
of HSP72, is highly induced and promotes pos-
itive heat adaptation and cellular responses 
during exercise [26]. Participants with a history 
of EHS and heat tolerance often possess the 
AG genotype at the HSPA1B single nucleotide 
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polymorphism g.31829044 locus, suggesting it 
may serve as a protective marker against heat 
stress [27]. Animal studies have shown a pos-
itive correlation between HSPA1B expression 
and primate heat stress severity [28]. Addition-
ally, HSPA1B expression is upregulated in indi-
viduals with a history of EHS [29]. However, due 
to limited current evidence, further research is 
necessary to elucidate the functional role of the 
HSPA1B single nucleotide polymorphism in the 
HSPA1B gene and its impact on heatstroke.

Manifestations of organic injury in heatstroke

Central nervous system injury

Neurological injury is a frequent and serious 
outcome of heatstroke, especially in cases of 
sudden exposure to high temperatures. Cool-
ing interventions typically result in substantial 
neurological improvement in 70% to 90% of 
heatstroke patients. However, those who do 
not regain consciousness after cooling or initial 
treatment often develop seizures or focal mo-
tor disorders. Histological examinations of the 
central nervous system in heatstroke patients 
reveal notable injuries such as white matter 
demyelination, significant reduction in Purkinje 
cells, and progressive degeneration of cortical 
neurons [30]. Autopsy findings commonly show 
congestion, edema, and microhemorrhages 
alongside these histopathological changes [31].

Animal models of heatstroke demonstrate in-
creased intracranial pressure and decreased 
arterial blood pressure, leading to reduced ce-
rebral perfusion pressure [32]. Heatstroke-in-
duced intracranial hypertension may be attribut-
ed to cerebral edema, and lowering cerebral 
perfusion pressure below the self-regulating 
threshold can result in cerebral ischemia and 
neuronal damage in affected animals. Studies 
have investigated the survival of cortical and 
hippocampal neurons under high temperature 
conditions, as well as their effects on DNA deg-
radation and nuclear morphology, highlighting 
the critical role of cell culture duration in heat 
stress-induced necrosis or apoptosis [33]. 
Neuronal damage due to high temperatures 
involves endoplasmic reticulum stress, nuclear 
damage, and cytoskeletal damage from protein 
denaturation [34]. Neurons show significant ac-
tivation within 24 hours of heat stress, leading 
to apoptosis, indicating that the impact of high 
temperatures is not only irreversible but also 
persists beyond the cessation of heat stress.

Clinically, some patients develop trunk ataxia, 
orientation disorders, and weakness following 
heatstroke. Brain diffusion-weighted magnetic 

resonance imaging reveals high signal intensity 
and decreased apparent diffusion coefficient 
values in the bilateral cerebellar hemispheres 
and globus pallidus [35]. Dysfunction in the glo-
bus pallidus contributes to disorientation and 
malaise, while dysfunction in the cerebellar 
hemispheres leads to trunk ataxia [36, 37]. El-
evated temperatures can damage the anterior 
and lateral horns of the spinal cord, resulting in 
quadriplegia and degeneration of Purkinje cells 
in the cerebellum. During heatstroke, increased 
release of catecholamines, particularly dopa-
mine, serotonin, and interleukin-1β (IL-1β), con-
tributes to neuronal degeneration and necrosis, 
accompanied by significant down-regulation of 
γ-aminobutyric acid B receptors and inhibition 
of the high-affinity γ-aminobutyric acid uptake 
system [38]. Studies have shown that high 
temperatures adversely affect the autonomic 
nervous system, impacting axonal conduction 
and synaptic transmission velocity, particularly 
in laryngeal reflexes and sudden infant death 
[34].

Rhabdomyolysis (RM)

RM is characterized by the breakdown of mus-
cle fibers, often triggered by high temperatures. 
The incidence of RM due to hyperthermia rang-
es from 4% to 8%. Evidence suggests that indi-
viduals with a predominance of type II muscle 
fibers are not only at higher risk of RM but also 
more prone to EHS [39].

Following RM, activated neutrophils are the 
first responders to the site of muscle damage, 
where they clear cellular debris. Subsequently, 
monocytes migrate to the inflamed area and 
differentiate into macrophages, which possess 
superior phagocytic capabilities compared to 
neutrophils within days or weeks, becoming 
the primary phagocytes. Both neutrophils and 
macrophages contribute to tissue degradation 
by releasing reactive oxygen and nitrogen spe-
cies, exacerbating injury, increasing membrane 
permeability, and facilitating the release of 
intracellular proteins (such as myoglobin and 
creatine kinase) into the systemic circulation. 
Additionally, damaged muscle fibers, leuko-
cytes, and other resident inflammatory cells 
contribute to cytokine production at the injury 
site. The substantial release of free radicals 
and intracellular toxic substances is a crucial 
factor contributing to the systemic inflammato-
ry response (Figure 1).

Myoglobin released from RM can be cleaved 
into myosin, which plays a critical role in the co-
agulation cascade, including factors involved in 
both coagulation and fibrinolysis [40]. Post-RM, 
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there is a significant influx of sodium and po-
tassium ions, leading to blood hyperconcentra-
tion and an increased thrombotic risk. Further-
more, the release of nuclear proteins (such as 
histone 3 and high-mobility group protein B1) 
from damaged muscle cells activates platelets, 
contributing to disseminated intravascular co-
agulation. Pro-inflammatory cytokines like IL-1β, 
TNF-α, and IFN-α enter the bloodstream, medi-
ating the febrile response via the hypothalamic 
temperature regulation center. These cytokines 
also stimulate phospholipase A2, which cleaves 
membrane phospholipids to release arachidon-
ic acid. Arachidonic acid is converted to prosta-
glandin E2 (PGE2) by cyclooxygenase, increasing 
the body’s temperature set point and leading to 
fever, ultimately contributing to heatstroke [41].

Several studies have investigated ultrastructur-
al changes in muscle tissue following EHS [42]. 
Imaging has shown rupture of the outer mito-
chondrial membrane, loss of cristae, and an 
increase in markers of cell ferroptosis, such as 
malondialdehyde, 12-hydroxyeicosatetraenoic 
acid, and prostaglandin endoperoxide synthase 
2. Ferroptosis, characterized by iron-dependent 
lipid peroxidation and specific mitochondrial 
alterations, is considered a crucial pathway of 
cell death in RM post-EHS [43]. The mechanism 

involves EHS-induced Yes-associated protein 
upregulating ACSL4 through TEAD1/TEAD4, 
promoting lipid peroxidation and subsequent 
ferroptosis of skeletal muscle cells, contributing 
to muscle cell loss and subsequent RM [43].

Intestinal barrier dysfunction

Studies indicate that, while high temperatures 
can induce heatstroke, the primary driving 
force for the progression of heatstroke is the 
systemic inflammatory response mediated by 
various cytokines [44]. The gut is recognized 
as the body’s largest reservoir of bacteria and 
toxins. When enteric microbial products, such 
as endotoxin, flagellin, and bacterial DNA, enter 
the bloodstream, they trigger the production of 
numerous cytokines, including PGE2, TNF-α, IL-
1β, IL-6, and IFN-γ [45]. This cascade of events 
ultimately results in a systemic inflammatory 
response, leading to disseminated intravascu-
lar coagulation, multiple organ failure, and oth-
er critical conditions. In scenarios where high 
temperatures lead to a sustained elevation in 
core body temperature, blood flow is redirected 
to the skin and active skeletal muscles, con-
sequently diminishing blood flow to internal 
organs. This redirection reduces the transfer of 
heat from internal organs to the skin, allowing 

 

Figure 1. Rhabdomyolysis exacerbates the occurrence of heatstroke. After rhabdomyolysis, neutrophils and 
macrophages will sequentially reach the damaged area, exacerbating the damage, and helping the production of 
pro-inflammatory cytokines at the damaged site, including interleukin-1β and tumor necrosis factor-α. These in-
flammatory factors can directly act on the hypothalamic temperature regulation center to produce a fever re-
sponse after entering the blood, or promote the release of phospholipase A2. Phospholipase A2 can cleave mem-
brane phospholipids, release arachidonic acid, and generate PGE2 under the action of cyclooxygenase. PGE2 can 
increase the set point of body temperature, thus exacerbating the development of heatstroke. IL-1β, interleukin 
1β; TNF-α, tumor necrosis factor α; PGE2, Prostaglandin E2.
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for a rapid increase in core temperature. Such 
an escalation may result in dysfunction of vital 
organs, including intestinal ischemia and liver 
cell injury. Intestinal ischemia fosters tissue hy-
poxia, acidosis, and a sequence of alterations 
disrupting the structure and function of the 
intestinal mucosa, ultimately increasing intes-
tinal permeability [46]. Additionally, cell culture 
experiments have demonstrated that even a 
slight elevation in ambient temperature (1.3 
°C) can swiftly and transiently alter the integrity 
of the intestinal epithelial barrier, a change that 
persists for up to 24 hours [47].

The gut barrier serves as both a physical and 
biochemical defense, crucial for preventing 
commensals and pathogens from crossing into 
the bloodstream [48]. High temperatures can 
compromise this barrier, allowing intestinal 
microbial products to escape and bind to Toll-
like receptors (TLRs). TLRs play a key role in im-
mune signaling by recognizing pathogen-asso-
ciated molecular patterns. Interaction between 
TLR4 and advanced glycation end products 
activates the NOD-like receptor family pyrin 
domain containing 3 (NLRP3) inflammasome, 
triggering the release of IL-1β, liver cell apop-
tosis, and sterile inflammation (Figure 2) [49]. 
This cascade leads to functional liver cell loss, 
impairing the liver’s ability to clear endotoxins 
from the body [50]. Consequently, inhibiting gut 

microbial translocation becomes challenging, 
perpetuating elevated body temperature.

The liver’s reticuloendothelial system, com-
prising monocytes, macrophages, and Kupffer 
cells, monitors pathogens, activates the 
complement cascade, locally produces PGE2, 
and transmits this signal to the hypothalamic 
ventral preoptic area via the vagus nerve. This 
process induces norepinephrine production, al-
ters preoptic PGE2 levels, and reduces the firing 
rate of temperature-sensitive neurons, disrupt-
ing temperature regulation, heat dissipation, 
and further elevating core body temperature 
[51]. Research exploring bovine colostrum, rich 
in growth factors, suggests it may modulate 
these responses. Studies indicate colostrum 
can mitigate temperature-induced increases in 
Baxα and decreases in Bcl-2 levels, potentially 
enhancing exercise performance and reducing 
heatstroke risk [52].

Recent research has highlighted the pivotal role 
of CCAAT enhancer binding protein homologous 
protein (CHOP) in mediating heatstroke-induced 
cell apoptosis and barrier dysfunction in intesti-
nal epithelial cells by regulating the expression 
of Bcl-2 and Bax [53]. Studies indicate that 
4-phenylbutyrate can effectively modulate this 
process by inhibiting the PERK-CHOP pathway, 
thereby decreasing the levels of pro-apoptotic 

 

Figure 2. The impact of high temperature on intestinal barrier dysfunction. In cases of a continuous rise in core 
temperature due to elevated external temperatures, blood preferentially flows to the skin and active skeletal mus-
cles, consequently diminishing blood flow to internal organs. As a result, the heat transferred from internal organs 
to the skin is also reduced, triggering a rapid increase in core temperature and leading to organ dysfunction, in-
cluding intestinal ischemia. This sequence of events results in tissue hypoxia, acidosis, and damage to the intesti-
nal barrier, facilitating the escape of microbial products from the intestine. These products then interact with Toll-
like receptor 4, activating the inflammasome and further promoting the release of IL-1β, liver cell apoptosis, and 
sterile inflammation. TLR4, Toll-like receptor 4; NLRP3, NOD-like receptor family pyrin domain containing 3; IL-1β, 
interleukin 1β.
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Bax and increasing anti-apoptotic Bcl-2 pro-
teins [53]. This intervention has shown promise 
in reducing cellular morphological changes and 
apoptosis induced by heatstroke, suggesting 
potential utility for 4-phenylbutyrate as a thera-
peutic approach in managing heatstroke [53]. 
Furthermore, recent findings suggest that intes-
tinal microbes can bypass the liver and enter 
the systemic circulation through the mesenteric 
lymph nodes [54]. Once in circulation, microbial 
products encounter various host defense mech-
anisms, including binding by natural antibodies 
such as immunoglobulin G and M, leukocyte 
granule proteins like lactoferrin and lysozyme, 
and interactions with high-density lipoproteins 
[55]. These pathways help neutralize microbial 
products, mitigate excessive cytokine produc-
tion, and potentially delay the progression of 
heatstroke.

In summary, the liver’s detoxification function 
and the presence of immune antibodies in the 
systemic circulation are two crucial mecha-
nisms for detoxifying gastrointestinal microbial 
products in humans. However, these mech-
anisms become impaired at core body tem-
peratures exceeding 41-42 °C, exacerbated by 
strenuous exercise. Consequently, excessive 
heat production during exercise compromises 
both detoxification processes, allowing patho-
gen-associated molecular patterns in the gas-
trointestinal tract to bind to TLRs on cell mem-
branes, triggering the transcription of activator 
protein-1 and nuclear factor kappa-B (NF-κB) 
[12, 56]. This leads to heightened production 
of pro-inflammatory mediators including PGE2, 
TNF-α, IL-1β, IL-6, IFN-γ, and acute-phase C-re-
active protein [45]. This inflammatory cascade 
perpetuates a positive feedback loop, driving 
continuous microbial product and cytokine pro-
duction, which activates systemic inflammation. 
This inflammatory response is a key driver of 
disseminated coagulation, tissue necrosis, and 
organ failure, ultimately precipitating conditions 
conducive to sepsis and potentially fatal shock.

Cardiovascular system disorders

Cardiovascular diseases remain the leading 
cause of morbidity and mortality in the de-
veloped world, accounting for over 30% of 
deaths in the United States. Several studies 
have demonstrated a significant correlation 
between high temperatures and cardiovascular 
mortality, arrhythmias, sudden cardiac arrest, 
and the incidence of coronary heart disease 
[57]. High temperatures can increase myocar-
dial oxygen consumption, potentially leading 
to fatal arrhythmias, with sinus tachycardia 
being the most common [57]. Sinus tachycar-

dia promotes heat dissipation by increasing 
cardiac output. Additionally, high adrenaline 
stress due to elevated temperatures can trigger 
myocardiopathy and even result in circulatory 
failure or death [58]. High temperatures can 
also induce microcirculatory disorders, primar-
ily due to increased expression of endothelial 
damage biomarkers (such as von Willebrand 
Factor and thrombomodulin), elevated release 
of cell adhesion molecules (such as ICAM-1), 
and an imbalance in the release of vasoactive 
substances involved in regulating local vascular 
relaxation and contraction (such as NO and 
endothelin). These changes can lead to tissue 
edema, damage to organ vascular endothelial 
cells, microthrombosis, extensive hemorrhage, 
and necrosis, causing heatstroke and multiple 
organ damage [59]. Specifically, patients with 
EHS exhibit a higher incidence of cardiovas-
cular disease, myocardial infarction, ischemic 
heart disease, and acute ischemic stroke as 
early as 14 years following the initial heatstroke 
event [60].

Calcium Calsequestrins are expressed in the 
heart and regulate heart rate by controlling 
Ca2+ release from the sarcoplasmic reticulum. 
Heat stress can induce arrhythmias in rats by 
causing calsequestrin-1 oligomerization, which 
alleviates its inhibitory effect on RyR -2-medi-
ated Ca2+ release. Additionally, calsequestrin-1 
deficiency can independently lead to MH and 
EHS-like ventricular arrhythmias, revealing a 
new genetic mechanism for arrhythmias and 
MH/EHS arrhythmic occurrences [25].

Platelet damage

Heatstroke is often accompanied by coagula-
tion disorders, with the incidence of dissemi-
nated intravascular coagulation reported to be 
as high as 48% [61]. The mechanisms of plate-
let damage caused by heatstroke may include 
the following:

1. Apoptosis mechanism triggered by high fe-
ver: High temperatures can directly damage 
platelets by inducing their apoptosis.

2. Inflammatory mediators causing platelet 
damage: Different inflammatory mediators can 
damage platelets through various pathways, 
primarily by activating platelets to release pro-
teins and small molecules, inducing platelet 
apoptosis and necrosis.

3. Damage by reactive oxygen species (ROS): 
Due to ischemia and hypoxia in heatstroke pa-
tients, neutrophils are activated, leading to a 
respiratory burst and the production of a large 
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amount of ROS under the catalysis of reduced 
nicotinamide adenine dinucleotide.

4. Effects of vascular endothelial damage on 
platelets: Substances released by vascular en-
dothelial cells can cause platelet aggregation 
and adhesion [62].

5. Direct activation of platelets by heat: Heat 
can directly promote platelet aggregation. Ex-
cessive aggregation caused by high tempera-
tures can lead to platelet damage [63]. The 
specific pathway may involve elevated extracel-
lular high mobility group box protein 1 (HMGB1)
inducing high levels of ROS through platelet 
TLR4 and receptor for advanced glycation end 
product (RAGE), thereby participating in the ac-
tivation of the NLRP3 inflammasome, resulting 
in platelet reduction during heatstroke [64].

The reduction in platelets and the release of 
inflammatory mediators and cytokines further 
damage vascular endothelial cells, promote co-
agulation reactions, form thrombi, block organ 
perfusion, and create a vicious cycle, leading to 
multiple organ dysfunction syndrome.

Liver function failure

The liver is the main organ involved in the 
production and response to cytokines during 
inflammation. In recent years, examinations of 
heatstroke patients have revealed that widened 
liver lymphocyte gap, thinner or spherical micro-
villi liver cells, and increased levels of enzymes 
such as glutamic pyruvic transaminase and 
lactate dehydrogenase, which are indicators of 
liver function [38]. Additionally, due to hypoxia, 
ischemia, and metabolic acidosis, there is local 
neutrophil infiltration in the liver, formation of 
local microthrombosis in the liver sinusoids, 
rupture of the liver cell membrane, balloon-like 
lesions, and even necrosis of liver cells, re-
sulting in liver function failure [38, 65]. Some 
reports have indicated that heatstroke patients 
present with severe hypophosphatemia at the 
time of admission [66]. Hypophosphatemia 
may be related to respiratory alkalosis induced 
by hyperthermia, which causes phosphorus to 
shift from the extracellular to the intracellular 
compartment, resulting in reduced ATP synthe-
sis and 2,3-diphosphoglycerate in red blood 
cells. This reduction diminishes the oxygenation 
function of the liver, impairs liver perfusion, and 
ultimately leads to acute liver failure [67].

Studies have shown that after heatstroke, the 
expression level of PINK1 in mitochondria in-
creases, and the translocation of Parkin from 
the cytoplasm to the mitochondria also increas-

es [68]. This indicates that heatstroke stabilizes 
PINK1 at the outer mitochondrial membrane, 
thereby recruiting more Parkin to eliminate 
damaged mitochondria. In heatstroke-induced 
acute liver injury (HS-ALI), the upregulation of 
p53 is involved in triggering HS-induced cell 
apoptosis [69]. Cytoplasmic p53 inhibits the 
translocation of Parkin to damaged mitochon-
dria, preventing the removal of these damaged 
mitochondria. The lack of mitophagy subse-
quently increases cell apoptosis and oxidative 
stress response in HS-ALI [68]. In summary, 
cytoplasmic p53 binds to Parkin and inhibits 
mitophagy by preventing Parkin’s translocation 
from the cytoplasm to the mitochondria, there-
by reducing mitophagy activation and causing 
liver cell apoptosis in HS-ALI. Therefore, phar-
macological inhibition of p53 to induce mito-
phagy may be a novel therapeutic approach for 
HS-ALI treatment. Additionally, research has 
found that angiotensin II-induced ROS activa-
tion leads to liver injury after heatstroke [44]. 
The angiotensin-(1-7) receptor agonist AVE 
0991 can alleviate liver injury by inhibiting the 
ROS-NLRP3 inflammatory signaling pathway, 
indicating that the angiotensin-(1-7) receptor 
may be a potential target for treating liver injury 
following heatstroke [70].

Kidney injury

An increased death toll from chronic kidney 
disease among agricultural workers in Africa, 
India, the Middle East, and Central America has 
been reported, which is related to heat expo-
sure and dehydration [71]. Heatstroke is often 
accompanied by acute kidney injury (AKI), char-
acterized by renal tubular cell degeneration 
and apoptosis, resulting in symptoms such as 
hematuria and proteinuria, which may rapidly 
progress to acute renal failure with high mor-
tality [72]. The pathogenesis of heatstroke-in-
duced AKI involves multiple mechanisms, in-
cluding renal ischemia, RM, and heat damage 
[73]. Hyperthermia can lead to disorders of the 
human anticoagulation system. Studies have 
shown that under hyperthermic conditions, 
there is glomerular swelling, inflammatory cell 
infiltration, vacuolar degeneration of endothe-
lial cells, and renal tubular erythrocytes, which 
are characteristic signs of congestion, indicat-
ing a high risk of hemorrhage [74]. As a coagu-
lation-related marker, the risk of AKI increases 
by 5.4 times with every 1 mg/L increase in D-di-
mer levels [75]. Other studies have shown that 
enhanced mitochondrial uncoupling protein 2 
expression can improve mitochondrial dynam-
ics in AKI [76].

Heatstroke-induced AKI is not only due to de-
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hydration or reduced renal blood flow but also 
related to tubular injury caused by heat stress 
itself and the inflammatory immune response 
[77]. Some studies have shown that neutrophil 
infiltration in the kidney increases immediately 
after heat exposure and significantly increases 
24 hours after heat stress [78]. A retrospective 
study on EHS patients in intensive care units 
also showed that increased neutrophils and 
decreased lymphocytes were risk factors for 
AKI [79]. Other studies have also shown that a 
decreased lymphocyte count is associated with 
an increased 90-day mortality rate and AKI inci-
dence in heatstroke patients [80]. A reduction 
of macrophages in the kidney can inhibit renal 
recovery from AKI and exacerbate renal fibrosis. 
Additionally, due to heat damage, the release 
of myoglobin from RM in EHS gradually increas-
es. Trials have revealed that muscle damage 
induced by exercise prior to high-temperature 
running can result in a more pronounced in-
flammatory response and increased renal 
stress compared to exercises without muscle 
damage [81]. Consequently, muscle damage 
should be recognized as a potential risk factor 
for AKI during physical activity in hot condi-
tions [81]. Experimental models have shown 
that myoglobin may be a pathogenic factor for 
human renal proximal tubular cells after heat 
stress, exacerbating cell ferroptosis and endo-
plasmic reticulum stress response [82].

Lung Injury

The respiratory system is often affected during 
the initial attack of heatstroke. Acute lung inju-
ry (ALI) is a common complication in heatstroke 
patients, clinically characterized by acute pul-
monary congestion and edema. Severe cases 
can develop into acute respiratory distress 
syndrome [83]. Microscopically, ALI is manifest-
ed by interstitial vasodilation and congestion 
caused by increased capillary permeability, 
widening of the interstitial spaces, blurred al-
veolar structure, injured epithelial cells, and 
pulmonary injury due to tissue infiltration of 
inflammatory cells [84].

The malignant cycle of ALI induced by heat-
stroke and the role of aldehyde dehydrogenase 
2 (ALDH2) in breaking this vicious cycle can be 
attributed to several factors. Heat stress induc-
es inflammation and cell apoptosis through the 
production of ROS and endogenous active al-
dehydes. Heat stress activates p38 and NF-κB, 
leading to the upregulation of NADPH oxidase-1 
(NOX-1) overexpression in endothelial cells 
through NF-κB and p38 activation [85]. ROS 
produced by NOX causes a decrease in intracel-
lular potential (ΔΨm), leading to an increase in 

ROS produced by mitochondria, which further 
activates NOX, forming a vicious cycle [86]. 
Research has found that mitochondrial ALDH2, 
combined with the ALDH2 activator Alda-1, can 
inhibit this process, reduce ROS accumulation, 
and prevent heatstroke-induced ALI [87]. There-
fore, Alda-1 can be used as an adjuvant thera-
py for heatstroke-induced ALI.

Heatstroke may cause ferroptosis in pulmonary 
tissue. This process involves divalent iron or 
lipoxygenase catalyzing the high expression of 
unsaturated fatty acids on the cell membrane, 
leading to lipid peroxidation and subsequent 
cell death [88]. Additionally, studies have found 
that increased acetylation levels of p53 can 
promote ferroptosis of pulmonary epithelial 
cells in heatstroke-induced ALI [89]. Research 
has shown that overexpressing the plasmid of 
silent information regulator 1 (SIRT1) can re-
duce the acetylation level of p53 and inhibit fer-
roptosis in heatstroke-induced mouse lung ep-
ithelial-2 cells, indicating that SIRT1-mediated 
deacetylation of p53 can reverse this process 
to alleviate ferroptosis [83]. Furthermore, heat 
stress can induce receptor-interacting protein 
kinase-dependent necroptosis in pulmonary 
vascular endothelial cells, which may lead to or 
exacerbate heatstroke-induced ALI.

Skin damages

The impact of ultraviolet radiation on skin 
health is a significant area of research. Numer-
ous studies have demonstrated that exposure 
to ultraviolet radiation accelerates skin aging 
and carcinogenesis. The specific mechanisms 
include the formation of ROS, DNA damage, 
and chronic photodamage [90]. Additionally, 
while keratinocytes and fibroblasts do not 
predominantly contribute to the production of 
cytokines and prostaglandins in cases of heat-
stroke (< 44 ℃), they may play a significant role 
in evaporative cooling failure, focal hotspots, or 
systemic reactions [91].

Endocrine damages

Ischemic, hypoxic, and oxidative damage to the 
hypothalamus during heatstroke can lead to 
multi-organ dysfunction or failure via a hypo-
thalamic–pituitary–adrenal axis mechanism. 
Rodents subjected to heatstroke exhibited 
elevated hypothalamic cell ischemia values 
and markers of injury, including pro-oxidant en-
zymes, pro-inflammatory cytokines, inducible ni-
tric oxide synthase-dependent nitric oxide, and 
polymorphonuclear leukocyte accumulation 
[92]. Furthermore, these animals demonstrat-
ed neuronal injury post-heatstroke compared to 
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their normothermic counterparts. EHS-induced 
erectile dysfunction was observed in these rats. 
Additionally, testicular temperature disturbanc-
es were noted, along with poor seminiferous 
tubule differentiation, impaired sperm quality, 
and atrophy of various testicular tissue cells, 
such as interstitial mesenchymal cells, sup-
porting cells, and peritubular cells. This was ac-
companied by spermatozoa azotemia, ruptured 
spermatozoa, and prostatic inflammation [93].

Molecular mechanisms of organ damage due 

to heatstroke

Heatstroke, a critical illness characterized by 
elevated body temperature and neurological 
manifestations, poses a significant threat to 
multiorgan function [2]. The pathophysiology 
of heatstroke involves a cascade of intricate 
molecular mechanisms, including oxidative 
stress response, mitochondrial dysfunction, 
inflammatory amplification, HSP insufficiency, 
and induction of cell necrosis. These intercon-
nected pathways collectively contribute to the 

 

Figure 3. Heatstroke patients suffer from multiple organ injuries involving various molecular mechanisms. The 
molecular mechanisms of heatstroke include: elevated body temperature inducing oxidative stress, culminat-
ing in the generation of reactive oxygen species and subsequent tissue damage; hyperthermia facilitating the 
penetration of cell cytochrome C through the mitochondrial membrane, resulting in decreased mitochondrial 
cytochrome C levels, heightened reactive oxygen production, and disruption of mitochondrial membrane integrity; 
hyperthermia diminishing the permeability of the intestinal wall, enabling the escape of a significant amount of 
endotoxin, which activates Toll-like receptors, triggering the production of inflammatory factors and subsequently 
activating Kupffer cells, leading to a “sepsis-like response”; hyperthermia inducing misfolding of cytoplasmic pro-
teins, reducing heat shock proteins, and attenuating the inhibition of the pro-inflammatory pathway; heat stress 
inducing MLKL and Caspase-8-dependent RIPK3-induced necroptosis through ZBP1. The consequential impact of 
heatstroke includes a spectrum of symptoms, encompassing liver, kidney, and lung damage, along with compro-
mised intestinal barrier function. MLKL, mixed lineage kinase domain-like pseudokinase; RIPK3, receptor-inter-
acting protein kinase 3; ZBP1, Z-DNA binding protein 1.
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progression of organ damage and dysfunction 
during heatstroke, highlighting the need for a 
comprehensive understanding of the underly-
ing molecular processes for effective therapeu-
tic interventions (Figure 3).

Oxidative stress response

Oxidative stress is a type of cellular damage 
and death that can promote the development 
and progression of heatstroke through various 
pathways, such as upregulating the function 
and expression of the antioxidant system, in-
ducing lipid peroxidation, and activating cell 
apoptosis [94]. High temperatures can induce 
the body to produce a large amount of ROS [95]. 
Several mechanisms may be involved in this 
process:

1. After entering the irreversible stage, the de-
crease in cardiac output causes local hypoxia, 
which induces the production of ROS [67, 94, 
95].

2. High heat can adversely affect the integrity 
of the mitochondrial membrane and its electron 
transport chain, resulting in the production of 
ROS. Additionally, high heat can stimulate the 
production of ROS by inducing mitochondrial 
fission or inhibiting the activity of mitochondrial 
complex I [96, 97].

3. Heat stress can induce the production of 
ROS by upregulating angiotensin II and its re-
ceptor (angiotensin receptor 1) [95].

4. Heat stress can promote the activation of the 
p38-MK2 signaling pathway, which promotes 
cell apoptosis by regulating the accumulation 
of ROS [98].

5. Heat stress can activate the Z-DNA binding 
protein 1 (ZBP1)- receptor-interacting protein 
kinase 3 (RIPK3) signaling pathway, which may 
be related to the production of ROS [99].

The high reactivity of ROS can modify several 
large cellular molecules, such as nucleic acids, 
proteins, and lipids. Heat stress is an effective 
inducer of ROS production. Once the cellular 
redox defense system, which consists of glu-
tathione, glutathione peroxidase, superoxide 
dismutase, and heme oxygenase 1, is depleted, 
it can induce cell apoptosis by promoting ERK 
and Bcl-2 signaling and the release of apoptot-
ic factors, eventually leading to tissue damage 
[100, 101].

Mitochondrial dysfunction

About ten years ago, the “lysosome-mitochon-
dria axis” cell apoptosis signaling pathway was 
proposed, revealing the interaction between ly-
sosomes and mitochondria in cell apoptosis. In 
this process, lysosomal membrane permeabi-
lization is considered a key step, as tissue cys-
teine cathepsin is released from the lysosome 
into the cytoplasm and found to be involved 
in cell apoptosis. Specifically, tissue cysteine 
cathepsin B cleaves Bid and degrades the 
anti-apoptotic Bcl-2 protein in the cytoplasm, 
leading to the activation of caspases and sub-
sequent mitochondrial depolarization, thereby 
triggering the mitochondrial pathway of cell 
apoptosis [102]. Recent studies have shown 
that when SW480 cells and intestinal tissues 
are exposed to heat stress, lysosomal mem-
brane permeabilization occurs, releasing tissue 
cysteine cathepsin B into the cytoplasm [4]. 
This mediates the downstream lysosome-mi-
tochondria apoptosis pathway in intestinal 
tissues and cultured epithelial cells [4]. Addi-
tionally, ROS induced by heat stress acts as an 
upstream signal in the cell’s lysosomal damage 
and mitochondrial apoptosis pathways through 
various stimuli. It regulates the lysosome-mito-
chondria pathway and promotes cell apoptosis 
induced by heat stress in intestinal tissues and 
epithelial cells [4, 103].

Furthermore, some studies suggest that heat 
stress causes a sharp decrease in glutathione 
levels [104]. The combination of glutathione 
depletion and increased ROS production is 
considered an early event in heat-induced cell 
apoptosis. Due to the heat sensitivity of the re-
spiratory chain, the energy activity of mitochon-
dria changes under heat shock. Heat stress 
causes the inactivation of complex I in the re-
spiratory chain and its degradation into smaller 
components, thereby reducing the flow rate of 
electrons in the electron transfer chain, leading 
to increased ROS production. Subsequently, 
ROS may cause the accumulation of secondary 
mtDNA mutations, leading to increased ROS 
leakage in the electron transfer chain, further 
exacerbating mitochondrial respiratory defects 
and increasing mitochondrial ROS production 
and lipid peroxidation [105].

High temperatures cause heatstroke, leading to 
an increase in the expression of the Bcl protein 
family in liver cells, making it easier for cyto-
chrome C (Cyt-c) to be released from the mito-
chondrial membrane into the cytoplasm [68]. 
Once Cyt-c is released into the cytoplasm, it 
produces two main effects. First, it can activate 
enzymes of the Caspase family, thereby initi-
ating apoptosis signal pathways and inducing 
liver cell apoptosis. Secondly, due to the inhibi-
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tion of electron transfer in the oxidative respi-
ratory chain by the decrease of mitochondrial 
Cyt-c, ROS production increases. Excessive ROS 
further disrupts the mitochondrial membrane 
structure, leading to ATP depletion and more 
Cyt-c release into the cytoplasm (Figure 4).

Cascading amplification of inflammatory re-
sponse

When heatstroke occurs, a large number of 
endotoxins enter the liver through the portal 
vein and activate the TLR signaling pathway. 
These endotoxins bind to lipopolysaccharide 
binding protein in the blood. Subsequently, 
they are recognized and bound to TLR4 on the 
Kupffer cell membrane, forming a complex that 
interacts with CD14 and MD2 subunits on the 
membrane. This complex activates intracellular 
signal transduction through MyD88-dependent 
and MyD88-independent pathways, leading to 
the activation of NF-κB. Consequently, this up-
regulates the expression and release of inflam-
matory factors such as TNF-α and IL-1β [106]. 
This process activates Kupffer cells, resulting in 
a “sepsis-like response.”

Insufficient HSP

Heat sickness induces the misfolding and 
aggregation of proteins within the cytoplasm. 

This triggers the release of HSPs from inactive 
monomeric HSF1, initiating the heat shock 
response. Activated transcription factors then 
enter the nucleus, forming trimers that activate 
the gene expression of inducible HSPs. Induc-
ible HSPs, in turn, activate more HSF, triggering 
the unfolded protein response. This pathway 
enhances the protein’s ability to fold correctly 
and, in extreme cases, reduces the synthesis of 
new proteins or induces apoptosis [107]. Addi-
tionally, inducible HSPs can bind to misfolded 
proteins, facilitating their refolding or degrada-
tion by proteases to inhibit apoptosis.

The duration and magnitude of the heat shock 
response are influenced by individual age, 
genetic and epigenetic regulation, and the de-
gree of adaptation to heat. HSPs, particularly 
HSP70, play a crucial role in mitigating the on-
set and development of heat stress disorders. 
Acting as a molecular chaperone, HSP70 forms 
protein aggregates and degrades damaged 
proteins while aiding in the correct refolding 
of newly synthesized proteins. Furthermore, 
HSP70 exhibits a potent anti-inflammatory 
function within cells. In summary, HSPs exert 
cytoprotective and anti-inflammatory effects by 
inhibiting multiple pro-inflammatory pathways. 
Most stress adaptation responses require 
increased HSP levels, and a reduction or insuf-
ficiency in HSP expression may heighten sensi-

 

Figure 4. Heat stress leads to mitochondrial dysfunction. Heat stress triggers the expression of the Bcl protein 
family in mitochondria, facilitating the movement of Cyt-c through the mitochondrial membrane. This dual effect 
involves Cyt-c entering the cytosol, initiating the apoptosis signaling pathway, and inducing hepatocyte apoptosis. 
Simultaneously, the reduction of mitochondrial Cyt-c inhibits the electron transport in the oxidative respiratory 
chain, leading to an accumulation of reactive oxygen species. Elevated ROS levels further compromise the mito-
chondrial membrane structure, resulting in decreased ATP production and subsequent release of Cyt-c into the 
cytosol. Cyt-c, cytochrome C; ROS, reactive oxygen species; TCA cycle, tricarboxylic acid cycle.
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tivity to stress.

Cell necrosis induced by heat stress

ZBP1, initially identified as an IFN-induced tu-
mor-associated protein, has been implicated 
in the pathogenesis of heatstroke. Research 
indicates that heat stress elevates ZBP1 ex-
pression by enhancing the activation and 
occupancy of HSF1 binding sites in the ZBP1 
promoter [108]. ZBP1 activation occurs through 
a nucleic acid sensing-independent mecha-
nism. Positioned upstream of mixed lineage 
kinase domain-like pseudokinase (MLKL) and 
Caspase-8, ZBP1, upon activation, triggers the 
phosphorylation-dependent activation of MLKL 
by RIPK3, leading to programmed necrosis [99]. 
Furthermore, ZBP1 and RIPK3 activation may 
instigate thrombin activation, fibrosis deposi-
tion, and platelet adhesion in microvessels. In 
summary, heat stress, by mediating MLKL and 
Caspase-8-dependent RIPK3-induced necropto-
sis through ZBP1, may contribute to circulatory 
failure, organ damage, and, in severe cases, 
heatstroke-related fatalities [108].

Conclusion

This review provides a comprehensive over-
view of recent advancements in understanding 
multiple organ damage and the molecular 
mechanisms of heatstroke. Although existing 
research indicates that the intricate interplay 
between heat-related cytotoxicity, inflammatory 
response, coagulopathy, RM, and gastrointes-
tinal disruption contributes to multiple organ 
damage in heatstroke patients, the specific 
mechanisms remain incompletely elucidated. 
Future investigations should explore high-tem-
perature-induced metabolic changes, tissue 
cell dysfunction during the cooling process, and 
the utilization of animal models to delve deeper 
into the pathophysiological processes and the 
development and progression mechanisms of 
heatstroke. Such endeavors will aid clinicians 
in more accurately assessing the severity and 
prognosis of patients, facilitating the develop-
ment and implementation of improved treat-
ment plans.
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