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Abstract

Exertional heat stroke (EHS) is a potentially lethal condition resulting from high core body temperatures (TC) in combination with
a systemic inflammatory response syndrome (SIRS) with varying degrees of severity across victims, and limited understanding of
the underlying mechanism(s). We established a mouse model of severe EHS to identify mechanisms of hyperthermia/inflamma-
tion that may be responsible for organ damage. Mice were forced to run on a motorized wheel in a 37.5�C chamber until loss of
consciousness and were either removed immediately (exertional heat injury or EHI; TCMax = 42.4 ± 0.2�C) or remained in the
chamber an additional 20 min (EHS; TCMax = 42.5 ± 0.4�C). Exercise control mice (ExC) experienced identical procedures to EHS
at 25�C. At 3 h post-EHS, there was evidence for an immune/inflammatory response as elevated blood chemokine [interferon
c-induced protein 10 (IP-10), keratinocytes-derived chemokine (KC), macrophage inflammatory proteins (MIP-1a), MIP-1b, MIP-2]
and cytokine [granulocyte colony-stimulating factor (G-CSF), interleukins (IL-10), IL-6] levels peaked and were highest in EHS
mice compared with EHI and ExC mice. Immunoblotting of organs susceptible to EHS damage indicated that several kinases
were sensitive to stress associated with heat/inflammation and exercise; specifically, phosphorylation of liver c-Jun NH2-terminal
kinase (JNK) at threonine 183/tyrosine 185 immediately (0 h) postheating related to heat illness severity. We have established a
mouse EHS model, and JNK [or its downstream target(s)] could underlie EHS symptomatology, allowing the identification of mo-
lecular pathways or countermeasure targets to mitigate heat illness severity, enable complete recovery, and decrease overall
EHS-related fatalities.
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INTRODUCTION

Exertional heat illnesses are categorized by gradations of
increasing severity from heat exhaustion to exertional heat
injury (EHI) and to exertional heat stroke (EHS) (1).
However, a severe heat illness does not occur due to progres-
sion from a milder heat illness (i.e., heat exhaustion is not
required to develop EHI or EHS; EHI is not required to de-
velop EHS). EHS is the most serious heat illness, character-
ized by high core body temperature (TC) and severe
neurological alterations, including delirium, deep coma, and
seizures (2–4) and can lead to death if not properly treated.
In contrast to classic (or passive) heat stroke (CHS), EHS
results from exercise/exertion in a temperate to hot environ-
ment with insufficient heat dissipation from the body.
Consequently, whereas CHS is predominantly observed in
sedentary individuals who cannot easily thermoregulate or

may be immunocompromised, such as extremely young and
old patients, EHS typically affects young, active individuals
who are otherwise healthy (1). In particular, military person-
nel, athletes, and occupational workers have high rates of
EHS. There were 488 EHS cases among active component
service members of the United States Armed Forces during
2021 (5), and the average in-patient cost for each EHS case
from 2016 to 2018 was approximately $7,453 (6). In the
United States, EHS is one of the leading causes of sudden
death during high school sports (7). Finally, between the
years 2000 and 2010, there were 359 deaths of occupa-
tional workers in various sectors (e.g., agriculture, for-
estry, etc.), believed to be due to high levels of physical
exertion in warm environments (8). Although deaths
were not categorized by heat illness type, 71% of the 359
occurred on the day of heat exposure (8), suggesting
some, if not a significant number, likely suffered and
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succumbed to acute EHS effects rather than protracted
adverse consequences following collapse.

The development of EHS is directly related to metabolic
heat production from skeletal muscle contractions (9) and
exertion in temperate to hot environmental temperatures
which cause hyperthermia (10). During EHS, cytokines and
chemokines are released into circulation, often leading to
dysregulation of the inflammatory reaction and triggering
an immune response throughout the body known as the sys-
temic inflammatory response syndrome (SIRS). SIRS, in
turn, can result in disseminated intravascular coagulation
(DIC, abnormal blood clotting in the circulatory system),
multiorgan failure, and ultimately death (11). Hepatic failure
due to EHS can require liver transplants to allow full recov-
ery (12–14) although this is not always successful (15, 16).
Even after recovery, a single EHSmay predispose an individ-
ual to later health issues. A study in Army basic trainees con-
cluded that patients with EHS exhibited an approximately
twofold increased risk of heart, kidney, or liver failure within
�30 yr of hospitalization and treatment relative to trainees
who suffered appendicitis (17). A caveat is that this was an
uncontrolled epidemiological study, and other lifestyle
choices engaged by individuals following (and potentially
before) EHS may have influenced outcomes (e.g., alcohol
consumption led to liver failure in a higher proportion of
EHS patients) (17, 18). However, the study underscores 1) the
importance of the heart, kidneys, and liver during EHS
pathophysiology, and 2) that it is vital to identify biomarkers
or mechanisms of residual damage that may go undetected
with current treatment practices, making patients with EHS
more vulnerable to later chronic health issues and/or death.

To elucidate the events that lead to heat stroke onset and
pathophysiology, animal models using passive and exer-
tional heating have enabled quantitation and characteriza-
tion of thermal profiles as well as cytokine/chemokine levels
with both CHS and EHS (19–22). These models have charac-
terized the thermoregulatory profiles, chemokine/cytokine
responses, and characteristics of organ injury, but the exer-
tional studies were likely more representative of EHI than
EHS due to no mortality, relatively rapid recovery, and even
enhanced heat resistance in subsequent heating sessions
(23). Establishment and characterization of a more severe
EHS model in rodents are needed to provide a platform for
testing potentially efficacious treatments that can prevent
severe organ damage and assist with recovery in humans.
We established controlled parameters for testing mice,
which reliably and reproducibly induced an EHS pheno-
type and were distinct from previous work (24, 25).
Accordingly, the purpose of the current study was twofold:
1) to establish a murine model of severe EHS (i.e., some
level of mortality) and 2) to characterize the cytokine/che-
mokine profile and signaling proteins that distinguish it
from the less severe condition of EHI. We also sought to
characterize signaling proteins and/or inflammatory fac-
tors involved in stress response in organs that suffer exten-
sive damage during EHS and are at risk for failure in
patients with EHS decades later (17): the liver, kidneys,
and heart. Characterizing the nodes potentially involved
in EHS could lead to more targeted interventions to miti-
gate EHS severity, treat EHS symptomatology, and reduce
fatalities/chronic health issues.

METHODS

Ethical Approval

All procedures were approved by the Institutional Animal
Care and Use Committee. In conducting this research, the
investigators adhered to the Guide for the Care and Use of
Laboratory Animals in an Association for Assessment and
Accreditation of Laboratory Animal Care-accredited facility.

Animals

Animal care was provided as previously described (26).
Male C57BL/6J mice (6–8 wk old, 24± 1.6 g, Jackson
Laboratories, Bar Harbor, ME) were individually housed at
25±2�C and �30% relative humidity (RH), 12:12 h light-dark
cycle with lights on at 0600. Food and water were provided
ad libitum except during training sessions and the forced
running protocol. Each cage was supplied with enrichment,
as described previously (26). Body core temperature (TC;
±0.1�C) and general activity (counts) were measured with in-
traperitoneally (IP) implanted radiotelemetry transmitters
(1.1 g, model G2 Emitter; Starr Life Sciences Corp., Inc.,
Oakmont, PA) (27). Surgical analgesia was provided with a
subcutaneous injection of slow-release buprenorphine (0.05
mg/kg) just before surgery.

Experimental Approach

One week after telemeter implantation, running wheels
were placed in cages to allow ad libitum voluntary running.
Two days before the designated testing session, mice under-
went 60 min of incremental exercise training sessions in
forced running wheels (model 80840; Lafayette Instrument,
Lafayette, IN) in an environmental chamber (model 3950;
Thermo Forma, Marietta, OH) maintained at 25±2�C, rela-
tive humidity of �30%. The training exercise started at 3.0
m/min and increased by 0.5 m/min every 10 min up to 5.5
m/min. Upon completion, mice were returned to their home
cages for at least one wash-out day before testing, and the
home cage running wheel was locked to avoid additional
voluntary running or training effects. On the day before test-
ing, mice in their home cages were placed into a floor-stand-
ing environmental chamber (model Forma 3940; Thermo
Fisher, Marietta, OH) at 25± 2�C and �30% RH; running
wheels remained locked. The forced running protocol was
similar to what has been described previously (26), except
that the initial speed was 3.0 m/min and incrementally
increased by 0.5 m/min every 10 min until the wheel speed
reached 8.5 m/min right after 110 min; wheel speed was
maintained at 8.5 m/min until mice lost consciousness.

A schematic for experimental groups is provided in Fig. 1.
Mice that ran at 37.5�C were designated as EHI (n = 54) or
EHS (n = 63). Each EHS specimen had a matched exercise
control (ExC; n = 63). Upon collapse, EHSmice were removed
from the wheel and left in another compartment of the
chamber at 37.5�C for 20 min (passive phase). ExC animals
underwent the same forced running protocol and 20 min of
passive rest in the chamber at TEnv= 25± 2�C. All sample col-
lection for ExC groups was time-matched to the EHS groups.
Following the 20-min passive phase, EHS and ExC mice
were weighed and euthanized immediately (0 h) or allowed
to recover undisturbed at TEnv = 25±2�C with food and water
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provided ad libitum in their home cages until sample collec-
tion at 3 h, 24 h, and 48 h post-protocol. EHI conditions were
similar to previous studies (20, 21). Once collapsed, mice
were weighed and immediately euthanized (0 h) or allowed
to recover undisturbed at TEnv = 25±2�C with food and water
provided ad libitum in their home cages until sample

collection at 3 h, 24 h, and 48 h post-EHI. Conceptually it
would have been most consistent to allow 0 h EHI mice to
rest passively at 25± 2�C for 20 min. However, observations
during previous studies and the current one indicate that
when removed from heat and placed at 25�C, TC of EHI mice
cools rapidly, and they typically regain consciousness soon
thereafter. To compare molecular/cellular events and cyto-
kine levels between EHI versus EHS at the end of their re-
spective heating protocols, EHI mice were euthanized
immediately after ending the active heating and EHS mice
after removal from 20-min passive heating. There were 15/63
EHS mice that succumbed to premature death (defined as
not reaching the designated euthanasia timepoint) due to
protocol, and one of the 15 deaths was due to meeting the
criteria for humane endpoint. None of the ExC (0/63) and
EHI (0/53) animals succumbed to premature death due to
protocol.

Blood and Organ Collection

Blood was collected via cardiac puncture, immediately
transferred to 500 mL ethylenediaminetetraacetic acid
(EDTA)- and 200 mL lithium heparin-coated microcentri-
fuge tubes, and placed on ice. Aspartate aminotransferase
or transaminase (AST), alanine aminotransferase or trans-
aminase (ALT), blood urea nitrogen (BUN), and creatinine
(CRE) were determined using a Vetscan VS2 Chemistry
Analyzer (Zoetis, Parsippany, NJ). After exsanguination, the
liver, kidneys, and heart were excised, rinsed with cold 0.9%
saline, snap-frozen in liquid nitrogen, and stored at�80�C.

Plasma Cytokine and Chemokine Measurements

Plasma was separated by centrifugation (4�C; 10 min,
1,000 g) and stored at �80�C until analysis. Cytokines
measured were interleukins-1b (IL-1b), -6 (IL-6), -10 (IL-10),
and -12 subunit p40 (IL-12p40), granulocyte colony-stimu-
lating factor (G-CSF), and tumor necrosis factor-a (TNF-a).
Chemokines measured were interferon c-induced protein 10
(IP-10, also known as CXCL10), keratinocytes-derived chemo-
kine (KC, also known as CXCL1), macrophage inflammatory
proteins 1-a (MIP-1a, also known as CCL3), 1-b (MIP-1b, also
known as CCL4), and 2 (MIP-2, also known as CXCL2), and
regulated on activation, normal T cell expressed and secreted
(RANTES, also known as CCL5). All cytokines and chemo-
kines were determined using a MILLIPLEX MAP Mouse
Cytokine/Chemokine Panel 12-Plex (Millipore, Burlington,
MA) on a Bio-Plex 200 system (Bio-Rad, Hercules, CA) accord-
ing to the manufacturer’s instructions. Sample size was 10–14
mice/group.

Western Blotting

Organs were homogenized in modified tissue protein
extraction reagent (T-PER; Thermo Fisher, Waltham, MA)
supplemented with 0.2 M sodium vanadate, 0.5 M EDTA,
0.05 M EGTA, 0.1 M sodium pyrophosphate, 0.1 M b-glycero-
phosphate, 0.1 M phenyl-methyl sulfonyl fluoride, 1 mg/mL
leupeptin, and PhosSTOP tablet(s) (Sigma-Aldrich, St. Louis,
MO) added. Samples were solubilized with shaking (1 h, 4�C)
and separated by centrifugation (15,000 rpm, 15 min, 4�C).
Equal amounts of lysate protein concentration were deter-
mined using bicinchoninic acid (BCA) assay. Samples were

Figure 1. A: illustration of parameters for the three conditions. EHS mice
ran on a motorized wheel in a chamber set at 37.5�C until collapse and
remained in the same chamber for an additional 20 min to induce a more
severe heat illness. An ExC was paired to each EHS mouse; each ExC
mouse ran for an identical duration as its EHS counterpart in a chamber
set at 25�C and upon run cessation, remained in its chamber for an addi-
tional 20 min. Similar to the EHS condition, EHI mice ran at 37.5�C until
loss of consciousness but were immediately removed from the chamber
upon collapse. B: timeline for animal conditions/euthanasia. Animals were
euthanized at immediately after their protocol (0 h) and roughly around
time of TCMin for EHI/EHS (3 h), 24 h, and 48 h. Recovery for 3 h, 24 h, and
48 h occurred at a TEnv = 25�C. C: thermal curves in ExC, EHI, and EHS
mice. EHS mice attained higher maximal core temperature (TCMax) and
lower minimal core temperature (TCMin – indicative of heat illness severity)
compared with EHI mice. Chemokine/cytokine levels inversely corre-
sponded to the TC during hypothermia in mice following heating. The
hypothermic phase around TCMin corresponded to the period when che-
mokine/cytokine levels were elevated to peak levels in EHS and EHI mice
with lower TCMin and higher chemokines/cytokines in EHS mice. Although
ExC mice also exhibited TC fluctuations, their range of TC was narrower
than the ranges observed for EHS and EHI mice. ExC, exercise control;
EHI, exertional heat injury; EHS, exertional heat stroke.
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boiled at 95�C, separated by SDS-PAGE, and transferred to
polyvinylidene difluoride membranes overnight at 4�C.
Equal loading was confirmed using MemCode protein
stain (Thermo Fisher). Membranes were blocked and incu-
bated with appropriate concentrations of primary (1:1,000)
and secondary antibodies (1:10,000). Fluorescence imag-
ing (LI-COR Odyssey, Lincoln, NE) was used to visualize
protein bands and quantitated via densitometry on
ImageJ (NIH, Bethesda, MD). Results were expressed as
bands normalized to Memcode staining on the blot.
Primary antibodies were directed against heat shock pro-
tein at 70 kDa (HSP70; ADI-SPA-812, Enzo Life Sciences,
Farmingdale, NY), c-Jun NH2-terminal kinase (JNK; Cell
Signaling Technology, Danvers, MA; 9252 and 4668), nu-
clear factor-Œb p65 subunit (NF-Œb p65; CST 8242 and
3033), and p38 mitogen-activated protein kinase (MAPK;
CST 9212 and 4511). Secondary antibody was LI-COR don-
key anti-rabbit 926–32213.

Calculations

Percent dehydration and thermal load were calculated as
previously described (26). Thermal load was measured by
calculating the area above TC = 37.5�C as this was equivalent
to TEnv, and the assumption was that any temperature above
this was due to the onset of hyperthermia. TCMax and TCmin

were themaximum andminimumTC observed, respectively.
Hypothermia duration was defined as the total time where
TC <34.5�C.

Statistical Analysis

Adequacy of group sizes was determined using a two-
sample t test power calculation estimating �1�C reduction
in post-EHS hypothermia and accounting for �30% attri-
tion due to mortality or technical issues with telemeters.
With the study design, and roughly 120 observations per
biomarker, we had 80% statistical power to detect an
ANOVA interaction effect equivalent to Cohen’s f = .35 (6
numerator, and 108 denominator degrees of freedom), and
an effect of Cohen’s d = 0.5 for pairwise comparisons using
the estimated marginal means. All analyses were com-
pleted using the R statistical computing language (v. 4.1.2).
Thermoregulatory variables were compared using a
Wilcoxon rank sum test (EHI vs. EHS) or Kruskal–Wallis
test (EHI vs. EHS vs. ExC). For biomarker and cytokine/
chemokine analyses, due to significant skew of the distri-
butions (visually confirmed through plots of the residuals),
many values were transformed (Box-Cox transformation)
to normalize distributions, and the residuals were visually
inspected to confirm appropriate model fit. Biomarker
comparisons were then made using a linear mixed model
with the “lmerTest” R package. For Western blot analysis,
comparisons were made using a one-way ANCOVA (total
protein as a covariate). Plots are displayed as the estimated
marginal means (middle bar) and 95% confidence intervals
(bottom and top bars). Comparisons among EHS, EHI, and
ExC conditions were made with specific contrasts using
the “emmeans” R package. To control for multiple com-
parisons, a Holm–Bonferroni correction was applied to the
pairwise comparisons. Data are expressed as means ± SD,
unless otherwise indicated.

RESULTS

Thermal Data

Values are presented as median [interquartile range
(IQR)]. TCMax was elevated in EHS versus EHI mice (42.5�C
vs. 42.4�C, n = 54–63; Fig. 1C and Table 1, P = 0.007).
Thermal load was also higher in EHS versus EHI mice (773
vs. 659, n = 38–40; Table 1, P = 0.002). TCMin was lower in
EHS compared with EHI mice (31.1�C vs. 32.4�C, n = 21–27;
Table 1, P < 0.001). Duration of hypothermia (TC < 34.5�C)
was longer in EHS versus EHI mice (295 min vs. 206 min,
n = 21–27; Table 1, P< 0.001). Thermal comparisons were
confined to EHS versus EHI mice as all ExC mice had rela-
tively stable TC throughout the study within a much nar-
rower range than EHS and EHI mice (Fig. 1C). All EHS
mice survived exertional heating, but mortality in a subset
occurred at some point either during or after passive
heating.

Blood Biomarkers

ALT.
ALT in EHS mice was elevated versus ExC at 3 h (P = 0.008;
n = 5–10), 24 h (P < 0.001; n = 8–9), and 48 h (P < 0.001; n =
10–12/group) and versus EHI mice at 48 h (p = 0.011; n = 10–
12/group) (Fig. 2A).

AST.
AST in EHS mice was elevated versus ExC at 3 h (P < 0.001;
n = 5–9/group) and 24 h (P < 0.001; n = 8/group) and versus
EHI mice at 24 h (P = 0.015; n = 8–11/group) and 48 h (P =
0.049; n = 10–12/group) (Fig. 2B).

BUN.
BUN in EHS mice was elevated versus ExC at 0 h (P <
0.001; n = 11/group), 3 h (P < 0.001; n = 6–10/group), and
24 h (P = 0.005; n = 9/group) and versus EHI mice at 3 h
(P = 0.005; n = 6–13/group) and 24 h (P < 0.001; n = 9–11/
group) (Fig. 2C).

CRE.
CRE in EHS mice was elevated across all time points (i.e., no
time by group interaction; P = 0.255) versus ExC and EHI
(Fig. 2D).

Chemokines

MIP-1a/CCL3.
At 3 h, MIP-1a was elevated in EHS mice versus ExC (P =
0.007; n = 10–12/group) and EHI mice (P = 0.016; n = 12/
group) (Fig. 3A).

MIP-1b/CCL4.
MIP-1b was elevated in EHS mice versus ExC at 0 h (P =
0.015; n = 10–12/group) and 3 h (P < 0.001; n = 10–12/
group) and versus EHI mice at 3 h (P < 0.001; n = 12/group)
(Fig. 3B).

RANTES/CCL5.
RANTES was elevated in EHS mice across all time points
(i.e., no time by group interaction; P = 0.247) versus ExC and
EHI (Fig. 3C).
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IP-10/CXCL10.
IP-10 was elevated in EHS mice versus ExC at 0 h (P < 0.001;
n = 10–12), 3 h (P < 0.001; n = 10–12), and 24 h (P < 0.001; n =
10–11) and versus EHI mice at 3 h (P < 0.001; n = 12/group)
and 24 h (P< 0.001; n = 11/group) (Fig. 3D).

KC/CXCL1.
KC was elevated in EHS mice versus ExC at 3 h (P < 0.001;
n = 10–12/group) and 24 h (P < 0.001; n = 10–11/group) and
versus EHImice at 3 h (P< 0.001; n = 12/group) (Fig. 3E).

MIP-2/CXCL2.
MIP-2 was elevated in EHSmice versus ExC at 3 h (P< 0.001;
n = 10–12/group) and 24 h (P = 0.029; n = 10–11/group) and
versus EHImice at 3 h (P< 0.001; n = 12/group) (Fig. 3F).

Cytokines

IL-6.
IL-6 in EHS mice was elevated versus ExC at 3 h (P < 0.001;
n = 10–12/group) and 24 h (P = 0.011; n = 10–11/group) and
versus EHImice at 3 h (P< 0.001; n = 12/group) and 24 h (P =
0.042; n = 11/group) (Fig. 4A).

IL-10.
At 3 h, IL-10 was elevated in EHS mice versus ExC (P <
0.001; n = 9–12/group) and versus EHI mice (P = 0.008; n =
12/group) (Fig. 4B).

TNF-a.
TNF-a was elevated in EHS mice across all time points (i.e.,
no time by group interaction; P = 0.5) versus ExC and EHI
(Fig. 4C).

G-CSF.
G-CSF was elevated in EHS mice versus ExC at 3 h (P <
0.001; n = 10–12/group) and 24 h (P < 0.001; n = 10–11/group)
and versus EHI mice at 24 h (P < 0.001; n = 10–11/group)
(Fig. 4D).

IL-1b and IL-12p40.
There were no differences in levels of IL-1b or IL-12p40 at
any of the time points when comparing ExC or EHI versus
EHS (data not shown).

Western Blotting

All Western blot signals were normalized to total protein
stains on the samemembrane.

Liver.

JNK. Hepatic c-Jun NH2-terminal kinase (JNK or stress-
activated protein kinase – SAPK) was phosphorylated on
threonine 183/tyrosine 185 at 0 h in a manner that reflected
heat illness severity: EHS > EHI & ExC (P < 0.001; n = 9 or 10
mice/group: Fig. 5, A and B). However, plots examining the
relationship between TCMax or ascending thermal area (aTA)
versus phospho-JNK indicated no direct correlation between
TC/aTA and JNK phosphorylation in mouse liver at 0 h fol-
lowing EHI and EHS (data not shown).
NF-Œb p65. Nuclear factor-Œb (NF-Œb) p65 subunit phos-

phorylation on serine 536 was decreased with heat exposure
at 0 h in the liver (Fig. 5, C and D); EHI and EHS<ExC (P <
0.001 for both comparisons; n = 9–10/group), and EHS<EHI
(P = 0.047; n = 9–10/group).
p38 MAPK. p38 MAPK phosphorylation on threonine

180/tyrosine 182 was decreased with heat exposure at 0 h in
the liver (Fig. 5, E and F); EHS<ExC (P < 0.001; n = 9–10/
group) with a trend (P = 0.053; n = 9–10/group) between EHS
(0.161±0.021) versus EHI (0.228±0.025).
HSP70. Hepatic heat shock protein at 70 kD (HSP70)

was increased with heat exposure at 24 h (Fig. 5, G and H);
EHS>EHI and ExC.

Heart.

JNK. For JNK phosphorylation in the heart at 0 h,
EHS>ExC (P = 0.009; n = 7–10 animals/group), but there
was no difference between EHS versus EHI (Fig. 6, A and B).
NF-Œb . Heat exposure decreased cardiac NF- Œb p65

phosphorylation at 0 h as EHS<ExC (P < 0.001; n = 9–10/
group), but there was no difference between EHS versus EHI
(Fig. 6, C andD).
p38 MAPK. There was no difference between groups for

cardiac p38MAPK phosphorylation (Fig. 6, E and F).
HSP70. Cardiac HSP70 was increased at 24 h following

heat exposure: EHS>EHI and ExC (P < 0.001 for both com-
parisons; n = 9–10/group; Fig. 6, G andH).

Table 1. Thermoregulatory responses of EHS mice during heat exposure and recovery

EHI EHS P Value

Heat exposure
Time to collapse, min 249 (228, 273) (n = 54) 244 (216, 280) (n = 63) 0.9
TC at collapse, �C 42.3 (42.2, 42.4) (n = 54) 42.3 (42.1, 42.4) (n = 63) >0.9
TCMax, �C 42.4 (42.2, 42.5) (n = 54) 42.5 (42.3, 42.8) (n = 63)� 0.007
Thermal load, �C·min 659 (593, 755) (n = 40) 773 (653, 889) (n = 38)� 0.002
Dehydration, % 12.4 (11.3, 13.6) (n = 54) 12.7 (11.6, 14.3) (n = 62) 0.3

Recovery
Time to TCMin, min 121 (106, 141) (n = 27) 135 (122, 179) (n = 21)� 0.031
TCMin, �C 32.4 (32.0, 33.2) (n = 27) 31.1 (29.7, 31.5) (n = 21)� <0.001
Hypothermia duration, min 206 (178, 243) (n = 27) 295 (250, 464) (n = 19)� <0.001
Survival, % 100.0 77.4 0.001

Values are median (IQR). �P < 0.05 compared to EHI with Wilcoxon sum rank test. As ExC mice did not exhibit the thermal fluctua-
tions observed in EHI and EHS mice, they are excluded from the table. Although the time to collapse and TC at collapse did not differ
between EHI vs. EHS mice, TCMax and thermal load were higher in EHS mice, TCMin was lower in EHS mice, and hypothermia duration
was longer in EHS mice. EHS mice were also the only group that exhibited mortality due to conditions. ExC, exercise control; EHI, exer-
tional heat injury; EHS, exertional heat stroke; IQR, interquartile range.
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Kidney.

JNK. Renal JNK phosphorylation at 0 h was similar to
the liver: EHS>EHI and ExC (P < 0.001 for both compari-
sons; n = 9 or 10 mice/group for two proteins; Fig. 7, A
and B).

HSP70. Renal HSP70 was increased at 24 h (EHS>ExC;
P < 0.001; n = 9/group), but there was no difference between
EHS versus EHI (Fig. 7,G andH).
NF-Œb p65 and p38 MAPK. No differences were

observed across groups for NF-Œb p65 and p38 MAPK phos-
phorylation (Fig. 7, C–F).
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Figure 2. Blood ALT, AST, BUN, and Cre. A: ALT was elevated in EHS vs. ExC mice at 3 h (P < 0.001; n = 5–10/group), 24 h (P < 0.001; n = 8–9/group),
and 48 h (P = 0.008; n = 10–12/group), in EHS vs. EHI at 48 h (P = 0.011; n = 10–12/group), and in EHI vs. ExC mice at 3 h (P = 0.008; n = 10–13/group) and
24 h (P< 0.001; n = 9–11/group). B: AST was elevated in EHS vs. ExC mice at 3 h and 24 h (P< 0.001 at both times; n = 5–9/group), in EHS vs. EHI at 24 h
(P = 0.015; n = 8–11/group) and 48 h (P = 0.049; n = 10–12/group), and in EHI vs. ExC at 3 h (P< 0.001; n = 9–13/group) and 24 h (P = 0.017; n = 8–11/group).
C: BUN was elevated in EHS vs. ExC at 0 h, 3 h (P < 0.001 at both times; n = 6–11/group), and 24 h (P = 0.005; n = 9/group), in EHS vs. EHI at 3 h (P =
0.005; n = 6–13/group) and 24 h (P < 0.001; n = 9–11/group), and in EHI vs. ExC at 0 h and 3 h (P < 0.001 at both times; n = 10–13/group). D: Cre was ele-
vated in EHS vs. ExC mice at 3 h (P = 0.02; n = 6–10/group). BUN and Cre are indicative of renal damage and tended to be elevated more proximal to
the onset of EHS but had returned to baseline levels at 24 h and 48 h. In contrast, ALT and AST, which are indicative of hepatic damage, tended to be
elevated starting at 3 h and remained elevated through 24 h and 48 h. Consequently, we infer that renal dysfunction/damage precedes liver dysfunction
or damage. However, the data also indicate renal dysfunction/damage resolves within 24 h while hepatic damage persists to later timepoints.
aDifference from ExC, bdifferences from EHI, cdifference from EHS. ALT, alanine aminotransferase or transaminase; AST, aspartate aminotransferase or
transaminase; BUN, blood urea nitrogen; Cre, creatinine; ExC, exercise control; EHI, exertional heat injury; EHS, exertional heat stroke.
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DISCUSSION

The purpose of our current study was to establish a mouse
model of EHS more severe than previous iterations of mu-
rine exertional heat illnesses and identify therapeutic targets
to mitigate EHS effects. An advantage of the current study
design was that it enabled the characterization of heat illness
gradations (i.e., EHS vs. EHI and ExC) instead of a binary
comparison between just EHS and ExC. This allowed us to
establish that the difference between EHS and EHI is an
exaggerated inflammatory response (i.e., SIRS) in EHS and
increased JNK phosphorylation during EHS compared with
EHI and ExC. Whether JNK modulates SIRS is yet to be
determined.

Establishing an EHSModel

The higher average TCMax in EHS compared with EHI (Fig.
1C and Table 1; individual data in Supplemental Fig. S1A)
was due to passive heating of EHSmice after exertional heat-
ing/collapse, which resulted in �23% mortality in EHS mice
compared with no deaths in EHI mice (Table 1). In addition,
20min of passive heating after collapse in EHSmice resulted
in lower TCMin and hypothermia duration that was �150 min
longer when compared with EHI mice (Fig. 1C and Table 1;
individual data in Supplemental Fig. S1B). The thermal data
allow us to conclude that 1) EHS mice exhibited a more
severe exertional heat illness phenotype and 2) 20 min of
extra heating did not lead to an additive elongation for the
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Figure 3. Blood chemokines. A: at 3 h, MIP-1a/CCL3 was elevated in EHSmice vs. ExC (P = 0.007; n = 10–12/group) and EHI mice (P = 0.016; n = 12/group).
B: MIP-1b/CCL4 was elevated in EHS mice vs. ExC at 0 h (P = 0.015; n = 10–12/group) and 3 h (P < 0.001; n = 10–12/group) and vs. EHI mice at 3 h (P <
0.001; n = 12/group). MIP-1b was also elevated in EHI vs. ExC mice at 0 h (P < 0.001; n = 10–12/group). C: at 3 h, RANTES/CCL5 was elevated in EHS vs.
EHI mice (P = 0.045; n = 12/group). D: IP-10/CXCL10 was elevated in EHS mice vs. ExC at 0 h, 3 h, and 24 h (P < 0.001 at all timepoints; n = 10–12/group)
and vs. EHI mice at 3 h and 24 h (P < 0.001 at both timepoints; n = 11–12/group). IP-10 was also elevated in EHI vs. ExC mice at 0 h and 3 h (P < 0.001 at
both times; n = 10–12/group). E: KC/CXCL1 was elevated in EHS mice vs. ExC at 3 h and 24 h (P < 0.001 at both timepoints; n = 10–12/group) and vs.
EHI mice at 3 h (P < 0.001; n = 12/group). KC was also elevated in EHI vs. ExC mice at 3 h (P < 0.001; n = 10–12/group. F: MIP-2/CXCL2 was elevated
in EHS mice vs. ExC at 3 h (P < 0.001; n = 10–12/group) and 24 h (P = 0.029; n = 10–11/group) and vs. EHI mice at 3 h (P < 0.001; n = 12/group).
Chemokines were most elevated in EHS mice at 3 h postheating, possibly indicating the conditions and timing for the most severe inflammatory
response. As chemokines control cell migration and positioning in the immune system to induce inflammation, it is likely that mice were experienc-
ing a condition similar to the systemic inflammatory response syndrome (SIRS) at 3 h after EHS. aDifference from ExC, bdifferences from EHI, cdiffer-
ence from EHS. ExC, exercise control; EHI, exertional heat injury; EHS, exertional heat stroke; KC, keratinocytes-derived chemokine; MIP-1a,
macrophage inflammatory proteins 1-a.
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separate phases of thermal response in EHS compared with
EHImice (i.e., 20min of passive heating did not simply elon-
gate hypothermia by �20 min). These findings are likely
consistent with human cases where the area under the curve
for thermal load has a strong positive correlation to EHS se-
verity (28).

EHS mice that died prematurely typically exhibited a pro-
nounced and accelerated TC rise during the last 10min of pas-
sive heating, occasionally increasing to �43�C (Supplemental
Fig. S2). It is unknown what processes caused the abrupt TC

rise, but as this often occurred during passive heating, prema-
ture EHS deaths typically occurred closer to the end of heat-
ing or 0 h than the 3-h time point. The possibility of
prolonged heat exposure and dehydration contributing to re-
nal damage has been suggested in a mouse model of
Mesoamerican nephropathy (29). Although dehydration and
water restriction during running þ heating could have con-
tributed to organ damage in EHS and EHI mice relative to

ExC in the current study, percent dehydration was not differ-
ent between EHS and EHI groups (Table 1) and did not corre-
spond to EHS severity. Even after accounting for water
consumed the night before testing, there was still no corre-
spondence between dehydration and EHS severity. Although
weight loss is not particularly sensitive to just water loss, and
mice could have also lost mass through energy expenditure
and defecation, these limitations are encountered by others
when quantifying dehydration (30). Analyses of mouse body
weights, in-cage activity, and TC before heating were also not
predictive of which mice would experience more or less
severe EHS (data not shown).

Characterization of the Differences in the Magnitude
and Temporal Pattern of Biomarkers with EHI versus
EHS

The circulating biomarkers examined in the current study
indicate organ damage occurrence and are affected during
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Figure 4. Blood cytokines. A: IL-6 in EHS mice was elevated vs. ExC at 3 h (P < 0.001; n = 10–12/group) and 24 h (P = 0.011; n = 10–11/group) and vs. EHI
mice at 3 h (P< 0.001; n = 12/group) and 24 h (P = 0.042; n = 11/group). IL-6 was also elevated in EHI vs. ExC mice at 3 h (P = 0.042; n = 10–12/group). B: at
3 h, IL-10 was elevated in EHS mice vs. ExC (P < 0.001; n = 9–12/group) and vs. EHI mice (P = 0.008; n = 12/group). IL-10 was also elevated in EHI vs. ExC
at 3 h (P < 0.001; n = 9–12/group). C: at -3 h, TNF-a was elevated in EHS vs. EHI mice (P = 0.022; n = 12/group). D: G-CSF was elevated in EHS mice vs.
ExC at 3 h and 24 h (P< 0.001 at both timepoints; n = 10–12/group) and vs. EHI mice at 24 h (P < 0.001; n = 11/group). G-CSF was also elevated in EHI vs.
ExC mice at 3 h (P < 0.001; n = 10–12/group). aDifference from ExC, bdifferences from EHI, cdifference from EHS. ExC, exercise control; EHI, exertional
heat injury; EHS, exertional heat stroke; G-CSF, granulocyte colony-stimulating factor; IL, interleukin; TNF, tumor necrosis factor.
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human cases of CHS (31) and EHS (2, 32, 33). The magnitude
and protracted nature of AST and ALT elevations were most
pronounced in EHSmice: elevated at 3 h, 24 h, and 48 h after
heating compared with EHI and ExC mice (Fig. 2, A and B).
In contrast, BUN was elevated in EHS and EHI mice at 0 h,

continued to rise in EHS mice at 3 h, and remained elevated
at 24 h but regressed to levels similar to EHI and ExC mice
by 48 h (Fig. 2, C andD). This suggests that renal dysfunction
or damage is an early, but faster-resolving, event that pre-
cedes hepatic issues during EHS. Although EHS-induced
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liver dysfunction/damage is delayed, hepatic issues are more
extensive, requiring a longer recovery duration. This inter-
pretation is consistent with conclusions drawn from a retro-
spective human study (34) and aligns with clinical reports
indicating elevated liver biomarkers occur relatively late (2–
3 days) following EHS onset in patients (32, 35). Our bio-
marker results in EHS mice indicate temporal aspects of
their pathophysiology may parallel the sequence of events in
human EHS cases. Consequently, the EHS model we have
established is not only more severe than previous iterations
of murine exertional heat illness but could also be better
suited to identify EHS-related cellular/molecular events in
humans.

For the current study, we measured the CC motif ligand
(CCL) and the CXC motif ligand (CXCL) chemokines, which
control coordinated cell migration and cell positioning
throughout development, homeostasis, and inflammation
(36). At 3 h postheating, most of the cytokines/chemokines
investigated tended to be elevated to peak levels in EHS
mice, above levels measured in ExC and/or EHI mice (Fig. 4
and Fig. 5). The 3-h timepoint also roughly corresponds to
hypothermia (<34.5�C) and/or TCMin (lowest recorded TC

during protocol; Fig. 1C, Fig. 3, and Fig. 4). Of the cytokines/
chemokines quantitated, the pattern of IP-10 (CXCL10; Fig.
3D) corresponded most closely with gradations of heat ill-
ness severity. IP-10 levels peaked at 3 h in EHS mice, and
this is consistent with previous observations of IP-10 in mu-
rine exertional heat illness (21). At 24 h, IP-10 was still ele-
vated in EHS mice while it had returned to basal levels in
EHI mice. Transient IP-10 elevations are typically associated
with acute damage to tissues or organs such as neural tissue
following cerebral ischemia (37) or possibly heat stress in he-
patocytes (38). IP-10 acts as a chemoattractant for monocytes
and T cells (39), initiating an in vivo immune response (40),
and elicits multiple biological responses including the che-
motactic activity of cells to induce apoptosis, regulating cell
growth/proliferation and angiogenesis in infectious/inflam-
matory diseases (41). KC and MIP-2, also CXCL chemokines,
were both elevated in EHS compared with EHI at 3 h and in
EHS compared with ExC at 3 h and 24 h (Fig. 3, E and F),
exhibiting nearly identical fluctuation patterns. In contrast
to CXCL chemokines, CCL chemokines—MIP-1a, MIP-1b,
and RANTES (Fig. 3,A–C)—and the cytokines (Fig. 4) did not
exhibit a uniform pattern of fluctuations aside from all of
them reaching peak levels at 3 h in EHS mice. The overall
pattern of cytokines at 3 h (Fig. 4 and Fig. 5) inversely corre-
sponded/correlated to TC of tested mice (Fig. 1C). EHS mice
exhibited higher cytokine levels and lower TCMin compared
with EHImice; ExCmice did not exhibit any cytokine/chemo-
kine elevations or hypothermia. These cytokines/chemokines

could be regulating or reflecting heat illness severity consider-
ing they follow a similar pattern to the liver (ALT and AST)
and kidney (BUN and CRE) biomarkers (Fig. 2).

Western Blotting Identified Proteins Potentially Involved
in Modulating EHS Severity

Heating increased HSP70 in liver, heart, and kidneys at 24
h (Fig. 5, G and H; Fig. 6, G and H; and Fig. 7, G and H). The
liver and the heart exhibited a gradient in HSP70 where EHS
was greater than EHI with the lowest levels in ExC (Fig. 5, G
and H; Fig. 6, G and H). We have previously reported that
mice experiencing two consecutive EHIs separated by 1–7D
required longer running time and heat exposure to induce
the second EHI, suggestive of enhanced heat tolerance with
successive EHI bouts. Those mice also displayed higher
TCMax and TCMin and spent less time below resting TC

(�36.5�C), suggesting that increased HSP70 may underlie
heat tolerance (26). However, despite the potential benefits
of elevated HSP70 on heat tolerance during heat illnesses, an
alternative perspective is that HSP70 levels may be propor-
tional to or indicative of the extent of heat-induced organ
damage suffered 24 h prior. As HSP70 is a chaperone protein
recruited to remove damaged proteins and promote cell sur-
vival following exposure to a stressor, the greatest HSP70 lev-
els likely reflect the most serious heat and/or inflammatory
damage in our model. Measuring HSP70 as a diagnostic
marker for stress or toxin exposure has previously been pro-
posed by teams investigating other conditions (42, 43).

Most premature EHS deaths occurred closer to 0 h,
although�3 h after collapse from EHI/EHS is when cytokines
and chemokines were elevated to peak levels and exhibit the
most robust differences compared with thermoneutral exer-
cise. This led us to infer that events closer to collapse possibly
preceding cytokine/chemokine elevations at 3 h may have led
to death, and we were interested in characterizing fast-
response, posttranslational protein modifications at 0 h. We
examined protein phosphorylation in organs responsive to
heating in EHI/EHS mice and postulated that 0 h activation
of signaling proteins could serve as markers for the gradation
of heat illness severity and underlie cytokine elevations. A ki-
nase implicated in underlying responses to multiple stressors,
including heat, is JNK (also known as stress-activated protein
kinase or SAPK in some studies). JNK is a member of the
MAPK family of stress response kinases, containing phospho-
rylation motifs at threonine (Thr) 183/tyrosine (Tyr) 185,
which are putative activation sites (44). Activated JNK phos-
phorylates downstream targets such as c-Jun/AP-1 on
multiple phosphorylation motifs (45–47) to induce cellular
responses in various tissues/organs (48). We examined JNK
phosphorylation in organs particularly vulnerable to EHS

Figure 5. Hepatic proteins. At 0 h in the liver: A and B: JNK was not phosphorylated in response to exercise alone at 25�C. However, JNK was phospho-
rylated in response to EHS and EHI conditions at 54 and 46 kDa with EHS having greater phosphorylation levels than EHI and ExC (EHS> EHI and ExC;
P < 0.001 for both), and EHI having greater phosphorylation levels than ExC (EHI > ExC; P < 0.001). Assessment of total protein levels indicated no dif-
ference across groups. C and D: NF-Œb was most strongly phosphorylated in ExC mice but was not phosphorylated in EHI and EHS (EHS and EHI< ExC,
P < 0.001 for both) mice. There was also a difference between EHI and EHS (EHS < EHI; P = 0.047). There were no differences in total protein levels
across all groups. E and F: p38 MAPK exhibited a similar pattern as NF-Œb with highest phosphorylation in ExC, lower phosphorylation in EHI and EHS
with no differences between the heated groups (EHS and EHI< ExC; P< 0.001), and no significant differences in total protein levels. G and H: at 24 h in
the liver, HSP70 showed a pattern where EHS> EHI (P = 0.003) and ExC (P< 0.001) and EHI> ExC (P< 0.001). Loading for each blot was normalized to
Memcode-detected total protein levels. aDifference from ExC, bdifferences from EHI, cdifference from EHS. ExC, exercise control; EHI, exertional heat
injury; EHS, exertional heat stroke; HSP70, heat shock protein at 70 kDa; JNK, c-Jun NH2-terminal kinase; NF-Œb, nuclear factor Œb; MAPK, mitogen-acti-
vated protein kinase.
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damage: the liver, heart, and kidneys (17). EHS mice sub-
jected to the most severe conditions had the strongest sig-
nal for JNK phosphorylation at 0 h in the liver and kidney.
JNK phosphorylation pattern was also observed to follow

the gradient for heat illness severity; stronger in EHS com-
pared with EHI with little to no activation in ExC for the
long-form and short-form of the protein at 54 kDa and 46
kDa, respectively (Fig. 5, A and B and Fig. 7, A and B).
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Accordingly, we infer that JNK phosphorylation in the
liver and kidneys may contribute to EHS pathophysiology,
and levels of hepatic and renal JNK phosphorylation may
mediate or reflect heat illness severity.

With our current study design, it is difficult to discern
whether increased JNK phosphorylation initiates/mediates
heat illness onset, or whether it signifies a detrimental or
protective response against hyperthermia and/or inflamma-
tion. However, JNK activation is implicated in inducing cell
apoptosis and necrosis during excitotoxicity, ischemia, and
neurodegeneration (49), is observed with acetaminophen-
associated hepatotoxicity inmice (50, 51), and evidence from
a cell culture model suggests that inhibition of JNK dephos-
phorylation may underlie severity of heat stress effects (52).
Accordingly, JNK phosphorylation may underlie EHS sever-
ity, and this raises the question of whether JNK inhibition
could decrease EHS severity and improve patient/subject
outcomes. To our knowledge, this question has not been
directly resolved in humans or animals suffering EHS,
although several studies have examined JNK inhibition in
other models of hepatic toxicity and damage. In mice, the
JNK inhibitor SP600125 mitigates acetaminophen-induced
hepatocyte necrosis and rises in serum ALT levels at 24 h
when it is administered within 5 h after acetaminophen (53).
Pretreatment of mice with SP600125 1 h before acetamino-
phen also attenuates serum ALT and mitigates hepatic ne-
crosis as measured by histology at 24 h and prevents
mortality at 24–48 h after acetaminophen. However, in vivo
JNK inhibition does not confer protection against concanav-
alin A-induced hepatic damage, indicating JNK inhibition
may not be effective for all types of liver injuries (54). Taken
together, the findings from this study and previous ones sug-
gest that the therapeutic potential for inhibiting phosphoryl-
ation or facilitating de-phosphorylation of JNK and its
downstream targets (e.g., c-Jun) after EHS onset requires fur-
ther investigation. Practical consideration should also be
given to whether such interventions would be better suited
for prophylaxis (prevention/delaying onset) or post-EHS pri-
mary/supportive treatment. As the current and previous
work have indicated mice cool rapidly upon removal from
heat (21, 23, 26), but there can still be mortalities in spite of
rapid cooling (Table 1, Supplemental Fig. S2), JNK inhibition
could still have a robust effect in mice when administered
proximal to heat collapse. However, it is uncertain how this
would translate to human cases, where patients do not cool
as rapidly as mice upon removal from a warm environment
following heat collapse (28). Consequently, it is best to
immerse human patients in circulating cold water per cur-
rent guidelines (7). Perhaps JNK inhibition could be used in
conjunction with cooling when organ damage is severe or
liver transplantation is being considered, but further testing
is required.

NF-Œb is another protein implicated in several stress-
response pathways related to heat, exercise, and endotoxin;
heat stroke may be exacerbated by endotoxin in humans (55)
and primates (56, 57). NF-Œb p65 is downstream of and acti-
vated in response to endotoxin binding TLR4 in various
organs (58). Our data indicate heat stress either prevents
phosphorylation or dephosphorylates/facilitates de-phos-
phorylation of serine (Ser) 536 in the liver and heart; Ser536
phosphorylation was lowest in EHS and EHI (no difference
between groups) and greatest in ExC. Furthermore, total lev-
els of NF-Œb p65 were similar across all compared groups in
the liver and heart (Figs 5, C and D and Fig. 6, C and D). Our
findings are consistent with what others have observed (59,
60) or postulated (25). Preventing phosphorylation of NF-Œb
p65 at amino acid 536 by knock-in (KI) substitution of serine
to alanine in mice leads to increased mortality of KI speci-
mens relative to wild type (WT) after endotoxin treatment
(59). Analysis of methylation in the cardiac genome of EHS
mice indicated repression of NF-Œb transcription products,
which led Murray et al. (25) in their study to conclude heat
exposure represses NF-Œb and its action in the heart.
However, Murray et al. (25) in their study confined their
observations to female mice whereas our measurements
were made exclusively in male mice, and in their model,
females experience more severe cardiac symptoms than
males (61). Consequently, it is uncertain whether their find-
ings would be identical to ours, although the findings from
their work and ours converge on the possibility that NF-Œb
may contribute to EHS symptoms. In addition, complete
knockout (KO) of NF-Œb p65 in mice is embryonic lethal with
extensive liver damage in KO compared with WT littermate
fetuses (60). Taken together, hyperthermia disrupts NF-Œb
p65 Ser536 phosphorylation, and this could induce apoptosis
in affected organs, potentially causing detrimental hepatic
and cardiac effects.

Similar to JNK, p38 MAPK is a member of the MAPK fam-
ily with dual phosphorylation on threonine/tyrosine motifs
(at amino acids 180 and 182, respectively). However, the two
kinasesmay antagonize each other in hepatocytes during de-
velopment, adulthood, and damage/regeneration processes
(62). In contrast to JNK, p38 MAPK phosphorylation in liver
was greatest in ExC and decreased after heat exposure with
no difference between EHS compared with EHI (Fig. 5, E and
F). We did not observe differences in p38 MAPK phosphoryl-
ation in kidneys and heart. The results suggest that p38
MAPK in the liver may be important in regulating heat ill-
ness pathology, and hepatic p38 MAPK is likely constitu-
tively phosphorylated in nonpathological states. The latter is
consistent with previous findings where hepatic p38 MAPK
is phosphorylated under control conditions and dephospho-
rylated after cell stress or trauma induced by chemical treat-
ment or injury (63, 64). Consequently, hyperthermia may

Figure 6. Cardiac proteins. At 0 h in the heart: A and B: EHS > ExC (P = 0.009) and EHI > ExC (P = 0.005) for JNK phosphorylation with no differences
between EHS and EHI. There were no differences in total JNK. C and D: EHS< ExC (P< 0.001) and EHI< ExC (P = 0.001) for NF-Œb p65 phosphorylation
while there were no differences between EHS and EHI, and total levels were equal across conditions. E and F: There were no differences across EHS vs.
EHI, EHS vs. ExC, or EHI vs. ExC for p38 MAPK phosphorylation (n = 5–10/group). Two segments for both blots are taken from the same membrane; gap
in the middle is due to an area where samples for a different study were loaded. G and H: At 24 h in the heart, HSP70 was increased at 24 h such that
EHS > EHI and ExC and EHI > ExC (P < 0.001 for all comparisons). Loading for each blot was normalized to Memcode-detected total protein levels.
aDifference from ExC, bdifferences from EHI, cdifference from EHS. ExC, exercise control; EHI, exertional heat injury; EHS, exertional heat stroke; HSP70,
heat shock protein at 70 kDa; JNK, c-Jun NH2-terminal kinase; NF-Œb, nuclear factor Œb; MAPK, mitogen-activated protein kinase.
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Figure 7. Renal proteins. At 0 h in the kidneys: A and B: EHS > EHI and ExC and EHI > ExC for JNK phosphorylation (P < 0.001 for all comparisons) de-
spite total JNK levels being equal. C–F: no differences in phosphorylation were observed across any groups for NF-ŒB p65 and p38 MAPK with levels of
respective total proteins being equal across all groups. At 24 h (G and H) HSP70 was increased so that EHS > ExC, and EHI > ExC (P < 0.001 for both
comparisons), but there were no differences between EHS and EHI. Total protein levels were similar across all groups. Loading for each blot was normal-
ized to Memcode-detected total protein levels. aDifference from ExC, bdifferences from EHI, cdifference from EHS. ExC, exercise control; EHI, exertional
heat injury; EHS, exertional heat stroke; HSP70, heat shock protein at 70 kDa; JNK, c-Jun NH2-terminal kinase; NF-Œb, nuclear factor Œb; MAPK, mitogen-
activated protein kinase.
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suppress hepatic p38 MAPK phosphorylation, which could
exacerbate cell and organ damage.

Limitations

The extent and pathology of organ damage and cell types
affected (e.g., hepatocytes, Kupffer cells, hepatic stellate
cells, or liver sinusoidal endothelial cells in liver) during
EHS/EHI were not determined via histological analysis. For
kinases examined, we did not identify specific isoforms
involved during heat- or inflammation-related pathology.
Mice have a greater surface area to body mass ratio com-
pared with humans and cool very quickly upon removal
from heat. The decrease in TC in mice is comparable to the
cooling rates observed in humans during cold water immer-
sion (7). However, even after regaining consciousness and
TC stabilization, mice still exhibited signs of liver damage
for at least 48 h; this suggests additional treatment during
post-cooling convalescence may be vital for a full recovery.
The current study was conducted examining only male
C57BL/6J mice, and we acknowledge that other studies
indicate baseline and stress-response physiology differ
when comparing 1) C57BL/6J males and females (61, 65), 2)
male mice across different strains (66), and 3) different
rodent species (67).

PERSPECTIVES AND SIGNIFICANCE

We have refined parameters for a mouse EHS model
that may parallel the severity and temporal aspects of cel-
lular/molecular pathophysiology observed in human
patients with EHS. The gradation between EHI and EHS
in the current study enabled quantitation of what could
contribute to lethality and sequelae in EHS. Most EHS
mice survived but a subset of specimens died prematurely
during or after passive heating. We have identified molec-
ular signaling nodes where (de-)phosphorylation of par-
ticular proteins may correspond with more severe heat
illness. Specifically, hepatic and renal JNK activation may
correspond to heat illness severity. Although clear deter-
mination of whether this kinase is harmful or protective
during heat illness was not possible with the current study
design, evidence linking JNK phosphorylation to hepato-
toxicity and hepatocyte apoptosis as well as intervention
studies indicating JNK inhibition can attenuate hepato-
toxicity/mortalities in animal models lead us to believe
JNK is likely involved in organ/tissue damage. It is yet to
be determined whether modulating JNK phosphorylation
via intervention following heating could affect EHS sever-
ity, but this is a possibility we hope to investigate further.
Overall, the establishment of a more severe murine EHS
model with data on potential mechanism(s) underlying
EHS severity will allow for future studies to better under-
stand the inflammatory pathways and proteins involved
in EHS-related mortality and test countermeasure options
to minimize the damage caused by EHS.

SUPPLEMENTAL DATA

Supplemental Figures S1 and S2: http://www.doi.org/10.17605/
OSF.IO/9FAM3.

DATA AVAILABILITY

Memcode plots and summaries of the data analysis can be
found at Open Science Framework Repository http://www.doi.
org/10.17605/OSF.IO/9FAM3.
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