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Abstract
Background The number of heatstroke victims hit record numbers in 2022 as global warming continues. In heat-induced 
injuries, circulatory shock is the most severe and deadly complication. This review aims to examine the mechanisms and 
potential approaches to heat-induced shock and the life-threatening complications of heatstroke.
Methods A computer-based online search was performed using the PubMed database and Web of Science database for pub-
lished articles concerning heatstroke, shock, inflammation, coagulopathy, endothelial cell, cell death, and heat shock proteins.
Results Dehydration and heat-induced cardiomyopathy were reported as the major causes of heat-induced shock, although 
other heat-induced injuries are also involved in the pathogenesis of circulatory shock. In addition to dehydration, the blood 
volume decreases considerably due to the increased vascular permeability as a consequence of endothelial damage. Systemic 
inflammation is induced by factors that include elevated cytokine and chemokine levels, dysregulated coagulation/fibrinolytic 
responses, and the release of damage-associated molecular patterns (DAMPs) from necrotic cell death that cause distributive 
shock. The cytoprotective heat shock proteins can also facilitate circulatory disturbance under excess heat stress.
Conclusions Multiple mechanisms are involved in the pathogenesis of heat-induced shock. In addition to dehydration, heat 
stress-induced cardiomyopathy due to the thermal damage of mitochondria, upregulated inflammation via damage-associated 
molecular patterns released from oncotic cells, unbalanced coagulation/fibrinolysis, and endothelial damage are the major 
factors that are related to circulatory shock.
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Introduction

Climate change significantly affects human health and nature. 
In 2022, because of the historic heatwave, more than 800 
deaths potentially linked to the punishing heat were reported 
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in Oregon, Washington, and western Canada. Besides, west-
ern wildfires have burned nearly 700,000 acres of dried fields 
and forests. https:// www. washi ngton post. com/ clima te- envir 
onment/ 2021/ 07/ 03/ clima te- change- heat- dome- death/. The 
warming is not just a North American issue, but also world-
wide. A record-breaking heatwave with temperatures as high 
as 47.4 °C hit Spain, and the WHO announced that more than 
1,700 deaths were recorded in Spain and Portugal. Again, 
thousands of acres of forests were lost by the wildfire. https:// 
www. who. int/ europe/ news/ item/ 22- 07- 2022- heatw ave- in- 
europ e-- local- resil ience- saves- lives--- global- colla borat ion- 
will- save- human ity Also, other parts of the world are experi-
encing excessively hot seasons.

Dehydration is a major threat during heatstroke which may 
cause hypovolemia, but it also increases osmolarity, blood vis-
cosity, and microcirculatory injury [1]. However, even when 
hydration is maintained, heat-related illness can occur due to 
the host’s inflammatory and coagulation responses to heat 
stress [2]. A baboon model of heatstroke demonstrated that 
microvascular damage, thrombus formation, inflammation, 
and apoptosis are involved in the pathophysiology of heat-
stroke [3]. Furthermore, pathological examination of dogs 
with heatstroke revealed multiorgan coagulative necrosis with 
hemorrhagic tendency [4]. These observations suggest that 
heat-induced disseminated intravascular coagulation (DIC) 
and systemic inflammation are also critical mechanisms of 
multiorgan failure and death.

High temperatures increase cardiovascular mortality 
via elevated blood pressure, increased blood viscosity, and 
changes in heart rate, especially in vulnerable individuals such 
as elderly people and patients with preexisting cardiovascu-
lar diseases [1]. In heatstroke models, animals subjected to 
the ambient temperature of 43.0 °C showed a sudden drop in 
blood pressure immediately after the core body temperature 
exceeded 42.0 °C, which mimics hyperdynamic shock [5]. In 
a rat model, circulatory shock was attenuated, and recovery 
occurred if the animals were cooled down immediately after 
reaching 42.0 °C [6]. Other than small animal experiments, the 
primate model of heatstroke constantly reproduces circulatory 
shock when the core body temperature reaches 43.0 °C, and 
a significant correlation between body temperature and the 
decrease in systolic arterial pressure is reported [3, 7, 8]. As 
a result, there are likely temperature and time thresholds that 
increase the risk of mortality. In this review, we will explore 
the pathogenesis of heat-induced shock and examine the criti-
cal factors that determine unfavorable outcomes.

Methods

We conducted a computer-based search on PubMed and Web 
of Science databases for publications up to August 2022 
using the search MeSH (Medical Subject Headings) terms 

“heat stroke,” “shock,” “inflammation,” “coagulopathy,” 
“endothelial cell,” “cell death,” and “heat shock protein.” 
First, 943 articles were screened with “heat stroke,” AND 
“shock.” Then, we identified the related articles by limit-
ing the terms including “inflammation,” “coagulopathy,” 
“endothelial cell,” “cell death,” or “heat shock protein.” 
Finally, we selected 94 highly related articles and included 
them in this review.

Heat‑induced shock

Previous reports note that heat stress increases blood pres-
sure and heart rate until the body temperature reaches a cer-
tain level, but the subjects progress to circulatory shock and 
die if the temperature surpasses that limit [1]. Figure 1 dem-
onstrates the typical changes in blood pressure and heart rate 
of a rat subjected to heat. When placed in a climate chamber 
at 43.0 °C and relative humidity of 60%, the core body tem-
perature reached 41.0 °C 1 hour later, blood pressure and 
heart rate rose ~ 1.6 times higher than baseline when body 
temperature was 42.0 °C and heart rate increased. Then, 
blood pressure and heart rate gradually decrease, and when 
the body temperature exceeds 42.5 °C, circulatory shock 
follows [9]. Similar observations were repeatedly reported 
in the other animals as well as in humans. A large cohort of 
over 3,000 cases of heat-related illness in patients, Glasgow 
coma scale < 15, body temperature ≥ 38 °C (100.4℉), sys-
tolic blood pressure ≤ 100 mmHg, heart rate ≥ 100/min, and 
age ≥ 65 years are associated with increased incidence of 
hospital admission [10]. Thus, “four 100s” (GCS < 100%, 
temperature ≥ 100℉, blood pressure ≤ 100 mmHg, heart 
rate ≥ 100/min in elderly people) indicates higher disease 

Fig. 1  The changes of vital signs in a rat model of heat stroke. The 
body temperature increased after being subjected to heat, and reached 
approximately 41 ℃ at 1 h, and heart rate and blood pressure started 
to rise thereafter. The hyperdynamic state continued until the body 
temperature reached 42 ℃. Rats suddenly fell into shock when the 
body temperatures approached 43 ℃

https://www.washingtonpost.com/climate-environment/2021/07/03/climate-change-heat-dome-death/
https://www.washingtonpost.com/climate-environment/2021/07/03/climate-change-heat-dome-death/
https://www.who.int/europe/news/item/22-07-2022-heatwave-in-europe--local-resilience-saves-lives---global-collaboration-will-save-humanity
https://www.who.int/europe/news/item/22-07-2022-heatwave-in-europe--local-resilience-saves-lives---global-collaboration-will-save-humanity
https://www.who.int/europe/news/item/22-07-2022-heatwave-in-europe--local-resilience-saves-lives---global-collaboration-will-save-humanity
https://www.who.int/europe/news/item/22-07-2022-heatwave-in-europe--local-resilience-saves-lives---global-collaboration-will-save-humanity
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severity. Heat-induced shock is hypothesized to be caused by 
multiple factors that include impairment of cardiovascular 
function [11], excess inflammation [12], unbalanced coagu-
lation/fibrinolysis [13], and endothelial dysfunction [14]. It 
has been shown that hyperthermia can impair homeostasis 
by disrupting the integrity of the vessels, interfering with 
cytokine production and nitric oxide synthesis [1]. The 
effects of various agents and substances, i.e., free radical 
scavengers, recombinant protein C, hyperbaric oxygen, glu-
cocorticoids, interleukin (IL)-1 receptor antagonists, L-argi-
nine, and estrogen were examined; however, none of them 
has shown robust evidence of clinical benefit [15].

Other than the above mechanisms, damage to the vascu-
lar endothelium increases vascular permeability and exac-
erbates hypovolemia, further worsened by dehydration. 
Fluid resuscitation is therefore the primary initial treatment 
for heatstroke-induced shock. However, with respect to 
the choice of fluids, the effects of various fluids have been 
examined. For example, an infusion of 3% hypertonic saline 
solution attenuated the heatstroke-induced hypotension more 
effectively than 0.9% saline [16]. Hydroxyethyl starch (HES) 
was also reported to improve circulatory shock by maintain-
ing colloid osmotic pressure [17]. Furthermore, a combi-
nation of 6% HES plus 7.2% saline solution showed better 
performance in the resuscitation of hypotension compared 
to 7.2% saline solution or HES alone [18]. It is important to 
consider that fluid therapy, in combination with cooling, is 
the only established treatment for heat-induced shock cur-
rently available.

Heat‑induced cardiomyopathy

In response to hyperthermia, our body increases cardiac 
output to decrease the body temperature by increasing the 
blood flow to the body surface [19]. This response increases 
cardiac workload, oxygen consumption, and the risk of heart 
failure. Decompensated heart failure due to increased car-
diac output and hypertension has been thought to be the 
major mechanism of cardiogenic shock [20]. Bathini et al. 
[21, 22] surveyed the incidence of myocardial infarction in 
heatstroke using the National Inpatient Sample dataset from 
2003 to 2014. As a result, over 3000 heatstroke cases were 
recorded, and among those patients, 12% were complicated 
by circulatory failure, and 7% were complicated by myocar-
dial infarction.

Besides the excess workload, heat stress-induced car-
diomyopathy due to the sustained hyper-adrenergic state is 
another explanation for circulatory collapse [11]. In animal 
models of heatstroke, blood pressure and heart rate increase, 
and this hyperdynamic state continues until the body tem-
perature reaches the threshold point. Increased cardiac 
troponin I was observed with the increased heart rate and 
blood pressure in a rat model of heatstroke [23]. In addition, 

increased body temperature was associated with high B-type 
natriuretic peptides (BNP) [24].

Finally, direct thermal injury to the myocardium is also 
suspected. Nakagawa et al. [25] examined mRNA expres-
sion of the various cardiac muscle-related proteins in rats 
subjected to heat and concluded that hyperthermia induces 
myocardial damage shortly after exposure to heat. They also 
have shown that the changes were more prominent in the 
ventricle than in the atrium. The mechanism of myocardial 
injury is thought to be the imbalance of energy production 
and expenditure, e.g., supply and demand imbalance. Mito-
chondrial membrane function plays a key role in maintaining 
cell homeostasis due to its vital role in adenosine 5′-triphos-
phate (ATP) synthesis. It is reported that heat stress acti-
vates the lysosomal-mitochondrial apoptotic pathway and 
increases intracellular reactive oxygen species, which results 
in increased lysosomal membrane permeability with mito-
chondrial depolarization and cytochrome C release to the 
cytosol [26].

Αlpha-lipoic (α-Lipoic) acid is a cofactor of mitochon-
drial enzymes and exerts antioxidant properties. In a rat 
model of heatstroke, α-lipoic acid was shown to reduce car-
diac superoxide anion formation and protein expression of 
cleaved caspase 3 and resulted in the suppression of myo-
cardial injury [27].

Taken together, heat-induced shock is considered to be 
primarily a combination of cardiogenic shock due to heat-
induced cardiomyopathy and hypovolemic shock. However, 
factors including excess inflammation, hypercoagulation, 
microthrombosis, and apoptotic and necrotic cell death can 
be involved and we will examine their association with heat-
induced shock as follows.

Heat‑induced inflammation

Complex mechanisms regulate inflammation in heat-
stroke, and it is generally accepted that excessive activa-
tion of inflammation contributes to organ dysfunction and 
death. Bouchama et al. [28] reported that the circulating 
IL-6, IL-1β, and interferon-γ increased in the primate 
model of heatstroke, and the levels were 220 ± 44 pg/ml, 
42 ± 14 pg/ml, and 1,180 ± 879 pg/ml, respectively. They 
also reported that IL-6 concentrations correlated with the 
severity of illness. Similar to those seen in sepsis, the over-
activated or dysregulated inflammatory responses contrib-
ute to tissue injury and death in heatstroke. Using the same 
model, the same group evaluated the counter-action to the 
upregulated inflammation and showed the early release 
of anti-inflammatory cytokines and chemokines such as 
IL-10, IL-1 receptor antagonist, soluble tumor necrosis 
factor (TNF) receptor I, II, and IL-8, while circulating 
levels of regulatory cytokine IL-12p40 were significantly 
decreased [8]. These results suggest that complex cytokine 
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networks regulate the inflammatory reactions to heat; how-
ever, excess heat stress disturbs those delicate regulation 
systems [29]. Of note, the increased cytokine release is 
suspected to be partially of gut origin [30]. Endotoxin 
released from the damaged intestine is considered to be 
responsible for the increased levels of cytokines. Welc 
et al. [31] reported that skeletal muscles were another 
source of cytokine release. The skeletal muscles are known 
to be susceptible to heat and a variety of reactions, includ-
ing the rapid rises in mRNA of IL-6 and IL-10 and upregu-
lation of toll-like receptor-4 (TLR-4), and heat shock pro-
tein (HSP)-72 mRNA were reported.

The levels of inflammatory and pyrogenic cytokines are 
thought to participate in the pathogenesis of heatstroke-
induced shock; however, their levels are not high enough 
to induce shock alone. In this respect, the roles of dam-
age-associated molecular patterns (DAMPs) [32], inflam-
masomes [33], and gut-derived endotoxin [34] should be 
considered (Fig. 2). Together with increased cytokines, high-
mobility group box 1 (HMGB-1) and inflammasome lead to 
excess inflammation and organ dysfunction [35]. In hospital-
ized patients with exertional heatstroke, it was reported that 
84% met the diagnostic criteria for systemic inflammatory 

response syndrome and those patients required longer peri-
ods of hospitalization [36].

As for the treatment, only a few studies have examined 
the effects of cytokine antagonism on heat-induced damage. 
Shen et al. [37] examined the effect of IL-1 receptor antago-
nist (IL-1ra) in the rabbit model of heatstroke. As a result, 
IL-1ra dose-dependently attenuated heatstroke-induced 
hypotension and organ dysfunction, which led to improved 
survival time. Umemura et al. [38] have reported the anti-
inflammatory effects of a bone marrow-derived mononuclear 
cell in severe heatstroke. Further studies regarding the impli-
cation of anti-inflammatory therapies for heatstroke-induced 
shock are warranted.

Heat‑induced coagulopathy

Similar to the study on cytokines, the primate model pro-
vides valuable information about coagulopathy in heat-
stroke. Using the baboon model of heatstroke as mentioned 
above, Bouchama et al. [6] reported systemic inflammation 
and activated coagulation, represented by increased plasma 
IL-6, prolonged prothrombin time (PT) and activated partial 
thromboplastin time (aPTT), elevated D-dimer levels, and 

Fig. 2  Events in the vascula-
ture in heatstroke. Heat injures 
directly and indirectly various 
cells including monocytes, 
neutrophils, platelets, and 
endothelial cells. Activated 
monocytes express tissue fac-
tor and activate coagulation 
system and release proinflam-
matory cytokines such as 
tumor necrosis factor α (TNF 
α) and interleukin (IL)-1β, and 
IL-6. Damaged leukocytes 
fall into oncosis and release 
various damage-associated 
molecular patterns (DAMPs) 
including high-mobility group 
box 1 (HMGB-1), histone and 
cell-free DNA. Platelets are 
activated directly by heat and 
indirectly by heme released 
from damaged muscle. Damage 
of endothelial cell results in 
increased vascular permeabil-
ity and elevated production of 
plasminogen activator inhibitor 
1 and von Willebrand factor and 
induces microthrombosis which 
disturbs microcirculation
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decreased platelet count, along with multiple organ dysfunc-
tion indicated by the increase of creatinine, creatine kinase, 
lactate dehydrogenase, and transaminases. This picture is 
highly compatible with disseminated intravascular coagu-
lation (DIC). With respect to the physiological anticoagu-
lants, significant reductions in the levels of antithrombin, 
proteins C, and protein S were reported [39]. Furthermore, 
hyperthermia is known to cause conformational changes and 
intracellular retention of antithrombin [40].

Fibrinolysis is suggested to be upregulated by the reduc-
tion of plasminogen activator inhibitor 1 (PAI-1) and 
increased tissue plasminogen activator (tPA) that increase 
fibrin/fibrinogen degradation products (FDP) despite no 
changes in fibrinogen or plasminogen-alpha 2-antiplas-
min complex levels [39]. Thus, fibrinolytic status varies 
depending on the phases, and a biphasic change from an 
enhanced phase to a suppressed fibrinolytic phase that is 
seen in sepsis-associated DIC can occur in heatstroke-
induced coagulopathy [41]. A mouse model showed that 
more severe coagulation disorders were associated with 
poorer outcomes, and coagulation biomarkers could serve 
as biomarkers for heatstroke [42]. In a human cross-sectional 
survey from Japan, heatstroke was frequently complicated by 
disseminated intravascular coagulation (11.6% of heatstroke 
patients were meeting the criteria for DIC) [43]. Hyperther-
mia-induced DIC is classified as thrombotic-type DIC in its 
late phase [44]; however, bleeding complications can also 
occur [13]. Hyperthermia can directly affect coagulation and 
fibrinolysis, activate inflammation, and induce cellular dam-
age, which leads to further worsening of heatstroke-induced 
coagulopathy. Huisse et al. [45] examined the link between 
coagulopathy and inflammation in 18 critical heatstroke 
patients and reported high circulating levels of IL-6, IL-8, 
C5a, IL-1 receptor antagonist, HSP60, and HSP70, findings 
consistent with activated coagulation. As seen in sepsis, 

heat-related insult serves as a link between coagulation and 
inflammation [46]. The microthrombosis formed in DIC can 
cause a circulatory disturbance, but its direct association 
with circulatory shock needs further investigation.

For the treatment of heatstroke-induced coagulopathy, the 
effects of activated protein C were examined in a heatstroke 
baboon model. Although significant decreases in IL-6, 
soluble thrombomodulin, and microvesicles were reported, 
coagulopathy and outcomes were not improved [47].

Heat‑induced leukocyte apoptosis and cell 
death‑related factors

Leukocytes are susceptible to heat, and the blood smear 
examination demonstrated the morphological changes of 
leukocytes in heatstroke [9] (Fig. 3). Ward et al. [48] demon-
strated the botryoid nucleus of neutrophils (radially arranged 
nuclear segments connected by spoke-like chromatin fila-
ments) and the hyper-lobulated nucleus of lymphocytes 
in a patient with heatstroke. Similarly, leukopenia due to 
both mature neutropenia and lymphopenia with increased 
apoptotic bodies in the background were also reported in 
dogs with heatstroke [49]. These nuclear changes in the 
leukocytes are thought to result from nuclear degeneration 
induced by heat. Lymphocytes are more easily damaged 
by heat, and they fall into oncosis (formerly necrosis) [50]. 
Oncosis, but not apoptosis, is known to elicit inflammation 
by releasing alarmins, such as IL-1, histones, HMGB-1, and 
HSPs [51, 52]. These mediators stimulate macrophages and 
dendritic cells to secrete cytokines and upregulate immune 
responses. Interestingly, Basu et al. [53] reported the poten-
tial role of cytoprotective HSPs in facilitating inflammation 
by activating the nuclear factor (NF)-κB translocation. How-
ever, further research is needed to reveal the regulating effect 
of HSPs on NF-κB pathway.

Fig. 3  Morphological changes 
of the leukocytes subjected to 
heat stress. The blood smear 
examination shows a variety 
of morphological changes in 
blood cells. When the body 
temperature reached 41.5 ℃, 
a neutrophil with a botryoid 
(hypersegmented) nucleus 
appeared. Platelets were assem-
bled, but not aggregated (left 
panel). When the body tempera-
ture approaches 43 ℃, ruptured 
lymphocytes and aggregated 
platelets were observed (right 
panel)
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Milleron et al. [54] reported that heat stress activates an 
apical protease that stimulates mitochondrial outer mem-
brane permeabilization and effector caspase-3 processing. 
They also suggested that heat stress can initiate apoptosis 
with caspase-like activity by apical protease, independent of 
an ordinary caspase-dependent pathway. We demonstrated 
that leukocytes initially showed apoptotic change after being 
subjected to heat, and turned their cell death style to oncosis 
when the temperature exceeds 43 °C [9] (Fig. 4). Hirose 
et al. [55] reported an increase in NETosis, suicidal cell 
death with neutrophil extracellular traps (NETs) formation, 
and elevated citrullinated histone H3 levels in patients with 
heatstroke. Although the detailed mechanism remains to 
be elucidated, since histones are extremely deleterious and 
shock inducible, the increase of cell death-related mediators 
such as histones, HMGB-1, and cell-free DNA due to onco-
sis and NETosis may have an impact on heat-induced shock.

Histones also act as the strong initiators of coagulation 
and inflammation that are released into circulation mainly 
by NETosis as well as by oncosis with the rupture of nuclear 
and plasma membranes [56]. Li et al. [57] reported that 
the elevation of histone H3 was associated with increased 
disease severity and longer duration of symptoms in heat-
stroke. Bruchim et al. [33] also reported higher histone H3 
levels among non-survived dogs and dogs with hemostatic 
impairment. Other than histones, HMGB-1 and IL-1β 
also appeared to be involved [35]. Tong et al. [58] showed 
HMGB-1 levels in plasma and liver cytoplasm were ele-
vated in the heatstroke model of rats, along with increased 

transaminase levels. In their study, histologic examination 
noted that HMGB-1 monoclonal antibody pretreatment 
reduced the pathologic impairments. The same authors also 
reported elevated levels of plasma HMGB-1 at an early stage 
of heatstroke [59]. Dehbi et al. [60] also demonstrated the 
critical roles of HMGB-1 as an early mediator of inflam-
mation that evokes IL-6 and IL-1βelevation, tissue injury, 
and lethality in a heatstroke model of rats. HMGB-1 is also 
reported to induce organ dysfunctions, and mice subjected 
to the core body temperature of 41 °C exhibited signs of 
hemorrhage and apoptosis in multiple organs. This model 
showed significant upregulation of HMGB-1 and its receptor 
RAGE (receptor for advanced glycation end products) [61].

Heat‑induced endotheliopathy and vasculopathy

Previous studies have shown that vascular endothelium is 
a major target of heat stress. Increased vascular perme-
ability due to endothelial injury leads to decreased blood 
volume and increased edema and leukocyte transmigration. 
In addition to dehydration, blood volume loss accelerates 
the collapse of the systemic circulation (Fig. 5). Bouchama 
et al. [62] reported increased serum endothelial cell dam-
age biomarkers, i.e., intercellular adhesion molecular-1 
(ICAM-1), endothelin, and von Willebrand factor-antigen 
in patients with heatstroke. In addition, the increase of cir-
culating endothelial glycocalyx component syndecan-1 is 
also reported [38]. Meanwhile, Tong et al. [63] have shown 
the potential involvement of the mesenteric lymphoid system 

Fig. 4  Time-lapse changes 
of leukocytes subjected to 
heat stress. Leukocytes were 
subjected to 43 ℃ in vitro, 
and sequential changes were 
observed under the microscope 
with DAPI (4’,6-diamidino-
2-phenylindole). Leukocytes 
(white arrows) were vacuolized 
or formed apoptotic bodies at 
30 min. At 60 min, most leuko-
cytes were dead and nuclei were 
colored blue by DAPI stain. 
At 90 min, ballooned necrotic 
leukocyte was observed and 
DNA stained blue with DAPI 
expanded outside the dead leu-
kocytes except for the apoptotic 
leukocyte (white arrowhead)



469Inflammation, coagulation, and cellular injury in heat-induced shock  

1 3

in endothelial injury in a rat model subjected to heat. Yama-
guchi et al. [64] used a mouse model of heatstroke and cul-
tured endothelial cells subjected to heat and demonstrated 
the damaged blood–brain barrier integrity that leads to 
increased microvascular permeability in the brain. Although 
multiple factors are involved in heat-induced brain damage, 
brain edema caused by endothelial damage is assumed to be 
an important factor.

Roberts et  al. [65] have described that pathological 
examination revealed that vascular endothelium apopto-
sis is the mechanism of endothelial damage in the baboon 
model of heatstroke. Others have also revealed that heat 
stress induces endothelial cell apoptosis [66, 67]. Gu et al. 
[67] demonstrated that apoptosis of human umbilical vein 
endothelial cells apoptosis increased when treated at 43 °C 
for 2 h in vitro, followed by replacement with fresh media 
and incubation for 6 h. Chen et al. [68] also reported the 
highest levels of inflammatory mediators, such as serum 
levels of TNF-α, IL-1β, and IL-6, and numbers of apop-
totic endothelial cells were present at 6 h. It is assumed 
that endothelial cell death style changes in a time- and 
temperature-dependent manner. Pei et al. [69] reported that 
in addition to apoptosis, pyroptosis, a programmed form of 
inflammation-related cell death, was also seen in heat stroke. 
Furthermore, Huang et al. [70] have shown that necropto-
sis, a type of regulated necrosis, have also been recognized 
in cultured pulmonary vascular endothelial cells. However, 
programmed cell death is energy-dependent cell death. 
When the temperature surpasses the threshold point and dis-
turbed oxidative phosphorylation decreases in mitochondrial 
function, the energy-dependent programmed cell death can-
not be completed and turns to unprogrammed oncosis [71].

Heat‑induced platelet activation

In addition to the leukocytes, platelets are also considered to 
participate in the pathogenesis of heat-induced coagulopa-
thy [72]. At first, platelet counts were known to decrease 
in patients with heatstroke frequently, and platelet counts 
were negatively correlated with the degree of organ dys-
function and mortality [73]. According to the studies that 
used platelet-rich plasma obtained from healthy subjects, 
platelets increased aggregability with increased temperature 
until 43 °C and lost their function at higher temperatures 
[74, 75]. On the contrary, a similar study that used platelet-
rich plasma from heatstroke patients did not show a consist-
ent result [76]. Wang et al. [77] also explored the direct 
effects of heat on platelet ranges between 40 and 42 °C, and 
reported that heat stress elicited caspase-3-dependent apop-
tosis in platelets by affecting mitochondrial function.

Both the direct and indirect effects of heat on plate-
lets should be considered. As described before, damaged 
endothelial cells release von Willebrand factor, lose their 
anticoagulant properties, upregulate the expression of adhe-
sion molecules, and turn antithrombotic properties toward 
the opposite side [63]. In this progression, the increased 
count of CD41 (GP IIb–IIIa)-positive platelet microvesi-
cles after exposure to heat stress was reported [78]. Thus, 
the interaction between platelets and vascular endothelium 
should be upregulated.

Additional studies reported that heme-activated plate-
lets induce macrophage extracellular traps (METs) and 
exacerbate rhabdomyolysis-induced acute kidney injury 
[79]. In this setting, myoglobin and heme released by heat-
induced rhabdomyolysis activate platelets by binding to 

Fig. 5  Time-lapse changes of 
endothelial cell subjected to 
heat stress. Cultured rat aortic 
endothelial cells were subjected 
to 43 ℃ in vitro, and sequential 
changes were observed under 
the microscope. The morpho-
logical change was minimal 
until the temperature reached 
40 ℃. At 41 ℃, endothelial 
cells shrank, and the spaces 
between the cells expanded. No 
remarkable changes of nuclei 
were observed until tempera-
ture reached 43 ℃; however, 
the spaces expanded as the 
temperature rose
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C-type lectin-like receptor-2 (CLEC-2) and glycoprotein VI 
(GPVI), heme receptors, and activated platelets to stimulate 
METs release and involved in the exacerbation of acute renal 
failure [80]. However, inflammation by activated platelets 
is also expected, and other mechanisms of activated platelet 
involvement in circulatory shock should be examined.

Heat‑induced tissue injury

Heat-induced tissue damage has direct and indirect contribu-
tions to the pathophysiology of circulatory shock in patients 
with heatstroke multiorgan dysfunction, including the cen-
tral nervous system, renal, hepatic, and coagulation systems 
[81]. Multiple mechanisms are involved in the pathogenesis 
of organ failure, including; excess inflammatory/anti-inflam-
matory cytokines, increased oxygen free radicals, ischemia/
reperfusion injury, decreased tissue perfusion, increased 
HSPs, and necrotic cell death [82, 83]. Regarding cell 
death in heatstroke, induction of apoptosis with widespread 
apoptosis in lymphoid systems such as the spleen, lymph 
nodes, thymus, and the lamina propria in the small bowel 
are reported [3]. However, since apoptosis is not cytotoxic, it 
may not directly responsible for heat-induced shock. Necrop-
tosis, a type of programmed necrosis, was recently suggested 
to participate in heat stress-induced organ damage. Huang 
et al. [70] showed that heat stress upregulates receptor-inter-
acting protein 1 (RIP1) to induce endothelial necroptosis. Li 
et al. [84] reported that scavenging reactive oxygen species 
production can attenuate RIP1 kinase-dependent necropto-
sis and suppress heatstroke-induced intestinal damage, with 
NF-κB activation exhibiting a central role in this pathway 
[85]. HSPs can promote cellular survival via stabilizing and 
suppressing this NF-κB signaling pathway [86].

For managing tissue injury, Bouchama et al. [87] reported 
that glucocorticoids attenuated the activation of complement 
and suppressed decreases in arterial blood pressure. How-
ever, neither tissue damage nor the outcome was improved 
in the primate heatstroke model.

Heat shock proteins (HSPs)

HSPs were first recognized as proteins produced in response 
to hyperthermal stress. Most genes are suppressed when sub-
jected to heat, but the genes encoding HSPs are activated, 
and HSPs are also produced in response to other stresses 
such as ischemia and chemical exposure. HSPs function as 
molecular chaperones that control conformational changes 
by folding and unfolding proteins to maintain cellular home-
ostasis, thereby acting for host protection in general [88]. 
Huisse et al. [45] reported increased levels of inflamma-
tion and stress mediators such as IL-6, IL-8, and HSP60 
and HSP70 in critically ill patients. The ability of HSPs to 
avoid apoptosis and promote cell survival is thought to be an 

inhibition of caspase activation-dependent, but other mecha-
nisms, such as mitochondria-dependent and death-receptor-
mediated mechanisms, are also proposed [86]. HSP27, 32, 
70, 72, and 90 are the representatives of inducible cytopro-
tective HSPs [89], and the effects of HSP32, also known 
as heme oxygenase-1, were revealed in a heatstroke model 
[90]. The protective effects of HSP27 and HSP90 are the 
regulations of the stability and activity of various compo-
nents of the NF-κB activation pathway and regulate TNF-
mediated cellular survival. However, if the thermal stress is 
too intense, signals that initiate apoptosis are activated by 
HSPs. Baba et al. [91] demonstrated the association between 
HSP72 overexpression and apoptosis, cardiovascular decom-
pensation, and poor outcome. However, their experimental 
model was hypovolemic sheep with or without endotoxin.

Nevertheless, since HSPs are primarily cytoprotective, 
they are promising candidates for therapeutics. Hsu et al. 
[92] showed that pre-induction of cardiac HSP72 improved 
hypotension in heatstroke rats by increasing cardiac mechan-
ical efficiency and arterial elastance.

Despite the progress in research on pathophysiology, only 
rapid cooling and fluid resuscitation are the current prac-
tice. Intensive research on cardiac and vascular protection, 
regulation of inflammation, and management of coagulation 
disorder is warranted.

Conclusions

Complex mechanisms exist as underlying conditions of 
heatstroke-induced shock. Although dehydration and car-
diomyopathy due to mitochondrion-linked pathologies are 
considered to be the direct inducers, activated inflamma-
tion, coagulation, oncotic cell death, damaged vascular 
endothelium, and cellular/tissue damage are involved in the 
pathogenesis of circulatory shock. In this sense, heatstroke-
induced shock is a mixture of cardiogenic, hypovolemic, and 
distributive shock. Since heatstroke-induced shock occurs 
suddenly and is often deadly, it is important to predict it by 
measuring troponin, cytokines, DAMPs, and HSPs. Except 
for rapid cooling and fluid resuscitation, there is no estab-
lished treatment; however, anti-inflammatory and anticoagu-
lant therapy may have potential benefits. However, further 
investigation is warranted for this and other therapeutic 
modalities with the increasing specter of global warming.
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