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recovery from exertional heat stroke in mice

Kentaro Oki,' Jermaine A. Ward,' Shauna M. Ward,! Mark L. Plamper,! Chloe G. Henderson,?
Thomas A. Mayer,! © Aaron R. Caldwell,"? and Lisa R. Leon'
"Thermal and Mountain Medicine Division, United States Army Research Institute of Environmental Medicine, Natick,
Massachusetts, United States and 2Oak Ridge Institute of Science and Education, Oak Ridge, Tennessee, United States

Abstract

Increased intestinal permeability during exertion and subsequent leakage of bacteria into circulation is hypothesized to accelerate
exertional heat stroke (EHS) onset and/or exacerbate EHS severity. To provide proof of concept for this theory, we targeted intestinal
microbiota via antibiotic prophylaxis and determined whether vancomycin would delay EHS onset and/or mitigate EHS severity and
mortality rates using a mouse model of EHS. Mice were 1) designated as EHS or Exercise Control (ExC) and 2) given 7 days of vanco-
mycin (VEHS, VExC) or untreated water (EHS, ExC) before EHS/Exercise. Following EHS/EXC, mice were euthanized immediately (O h)
or returned to their home cage (25°C) and euthanized after 3 h or 24 h. VEHS mice exhibited reduced abundance and altered com-
position of fecal bacteria (with notable decreases in genera within orders Clostridiales and Bacteroidales); increased water consump-
tion, lower core temperature (T¢) before and during heating (Tcmax), lOwer circulating markers of organ damage and inflammation at
24 h; and reduced hepatic activation of stress pathways at O and 3 h compared with EHS mice. Vancomycin-induced alterations to
the intestinal microbiota likely influenced EHS outcomes, but it is unconfirmed whether this is due to attenuated bacterial leakage
into circulation or other (in)direct effects on physiology and behavior (e.g., decreased T¢ increased water consumption). To our knowl-
edge, this is the first study quantitating antibiotic effects in conscious/unanesthetized, exertional HS animals.

NEW & NOTEWORTHY Vancomycin prophylaxis lowered core temperature before and during EHS, mitigated EHS-associated
rise of hepatic biomarkers and cytokines/chemokines in circulation (particularly at 24 h), and corresponded to inhibited phospho-
rylation of hepatic c-Jun NHy-terminal kinase on Threonine 183/Tyrosine 185 at O and 3 h in conscious, unanesthetized mice.

However, vancomycin also induced cecal enlargement suggesting its off-target effects could limit its utility against EHS.

antibiotic; exertional heat stroke; mouse

INTRODUCTION

Exertional heat stroke (EHS) is a serious condition that
arises from exertion in a temperate to hot environment. In
contrast to classic heat stroke (CHS, also known as passive heat
stroke), EHS results from an active component (i.e., exercise/
exertion) with high endogenous thermogenesis and insuffi-
cient heat dissipation from the body resulting in hyperther-
mia. Consequently, CHS predominantly affects the very young
and the elderly—individuals who cannot easily thermoregu-
late and/or may have underlying health issues—whereas EHS
typically affects young, active individuals who are otherwise
healthy (1). Laborers/farm workers, athletes, and military per-
sonnel are particularly vulnerable to EHS onset (2-5).

Aside from environmental temperature and exertion,
release of intestinal microbiota into circulation may also
contribute to EHS risk or severity. This theory, known as the
“Dual Pathway Model of Heat Stroke” (6), asserts that hyper-
thermia and/or exercise disrupt tight junctions between epi-
thelial cells in the intestines, leading to increased intestinal
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permeability and subsequent release of bacteria into circula-
tion, specifically lipopolysaccharide (LPS; also referred to as
endotoxin), a component in the walls of Gram-negative bac-
teria. Circulating bacteria then initiate an inflammatory
response that may accelerate EHS onset and/or exacerbate
EHS symptoms. In humans, LPS levels positively correlate
with EHS or EHS-associated symptoms (7-11). In animal
studies, hyperthermia increases intestinal permeability and
damage in anesthetized rats (12) and increases endotoxin
leakage in anesthetized primates with the effects most pro-
nounced above 43°C (13). This effect is also present and re-
versible in an in vitro tissue model (14). Furthermore,
prophylactic antibiotics and antagonists directed against in-
testinal flora or LPS specifically mitigate heat stroke severity
in anesthetized or restrained rabbits, rats, and primates (15—
19). However, this has not been confirmed in an unanesthe-
tized/conscious, exertional heat stroke paradigm.

The purpose of this study was to determine whether antibi-
otic prophylaxis would alter intestinal microbiota and
improve outcomes in a previously established unanesthetized
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EHS mouse model (20). We tested whether the antibiotic van-
comycin would alter EHS onset and severity with comparisons
focusing on untreated (EHS) and vancomycin-treated EHS
(VEHS) groups. Although LPS originates from Gram-negative
bacteria (21) and vancomycin is typically effective against
Gram-positive bacteria (22), vancomycin was used to test the
underlying principle that independent of specific bacterial
serotype, reduced microbiota in intestines/circulation could be
effective against EHS. We expected improved outcomes would
entail 1) delayed EHS onset, 2) faster recovery following EHS,
and/or 3) a less severe EHS phenotype (e.g., circulating bio-
markers, mortality). Bacterial compositions were analyzed in
fecal samples to measure antibiotic treatment effects on intesti-
nal microbiota. In addition, to understand potential vancomy-
cin effects on EHS severity in organs particularly vulnerable to
EHS damage, we measured hepatic c-Jun NH,-terminal kinase
(JNK) phosphorylation in EHS and VEHS mice. JNK is a kinase
in the family of mitogen-activated protein kinases (MAPKS)
that is active during development and immune responses with
arole in regulating cell survival and apoptosis. It is also respon-
sive to stress and is activated by osmotic stress, UV exposure,
metabolic stress, and inflammation (23). The liver is heavily
impacted by acute and long-term EHS symptoms (24-26), and
we have previously observed that hepatic JNK phosphorylation
may correspond to heat illness severity (20).

MATERIALS AND METHODS
Ethical Approval

All procedures were approved by the Institutional Animal
Care and Use Committee (Protocol 20-26-A; approved 12/21/
2020). 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

Experimental timeline (Fig. 1) for male C57BL/6J mice
(6-8 wk old, average 24+1.6 g, Jackson Laboratories, Bar
Harbor, ME) and details of their care/housing are similar to
what we have previously described (20). Vancomycin-treated
mice received antibiotics (2 g/L) in their drinking water for 7
days before testing, consistent with a prior study (27).

Radiotelemetry Transmitter Implantation

As described previously (20, 28), mice were intraperitone-
ally implanted with a disinfected and saline-rinsed radiotele-
metry transmitter (1.1 g, model G2 Emitter; Starr Life
Sciences Corp., Inc., Oakmont, PA) under isoflurane anesthe-
sia and a subcutaneous injection of slow-release buprenor-
phine (0.05 mg/kg). Once implanted, body core temperature
(Tc; £0.1°C) and activity were continuously recorded at 60-s
intervals on the VitalView system (Starr Life Sciences Corp.,
Inc., Oakmont, PA; Fig. 1A). After 7-14 days of recovery, mice
underwent forced running in motorized running wheels
(model 80840; Lafayette Instrument, Lafayette, IN) within
an environmental chamber (model 3950; Thermo Forma,
Marietta, OH) maintained at 25+2°C, ~30% RH for 1 h start-
ing at 3.0 m/min and increasing 0.5 m/min every 10 min. On
completion, mice were returned to their home cages for at
least one wash-out day before testing.

J Appl Physiol - doi:10.1152/japplphysiol.00368.2023 - www.jap.org

> & o
; ; & 2o
Mice Transmitter Voluntary Wheels Qo\ > o & o‘%
Arrive Implantation +Vancomycin NS \‘%\Q’ Q;Z‘ 9@015(\‘

7-14D Recovery | 5D

«—— Continuous Tc / Activity Measurements ——»

l l | l
|

Figure 1. Schematic showing the timeline of procedures beginning from
animal arrival to euthanasia. On arrival, mice were allowed to acclimate to
their new environment for at least 7 days and then surgically implanted
with telemetry transmitters. Once implanted, T and activity counts were
measured continuously until euthanasia. After 7-14 days of recovery, vol-
untary wheels were placed into each mouse’s home cage, and half of the
mice began vancomycin treatment. After 5 days, all mice were placed in
the chambers with motorized running wheels at 25°C, subjected to forced
running for 1 h, and returned to their home cages for 2 days. Vancomycin
treatment continued until the exertional protocol. On the day of the exer-
tional protocol, half of the untreated mice were subjected to exertional
heat stroke (EHS) or normothermal exercise (ExC), and half of the vanco-
mycin-treated mice were subjected to EHS (VEHS) or normothermal exer-
cise (VExC). Specimens were subsequently euthanized at O, 3, and 24 h.

Testing Groups and Protocol

Procedures done and equipment used were as previously
described (20). In brief, once baseline T was <36.5°C
between 0600 and 1000 h, EHS mice were removed from
their home cages, weighed, and placed in motorized running
wheels inside of incubators. Mice rested in the motorized
wheels at 30% humidity whereas Tg,, inside the incubator
reached 37.5+0.2°C (~45 min), at which point, the forced
running protocol was initiated. Starting at 3.0 m/min, wheel
speed was increased by 0.5 m/min every 10 min; once wheel
speed reached 8.5 m/min, this speed was maintained until
mice collapsed. EHS mice were then removed from the
wheel and placed in another compartment of the chamber at
37.5°C for 20 min. This was an operational step to increase
symptom severity and mortality rate to ~25%; previous stud-
ies lacking this step resulted in 100% survival, which pre-
vented evaluation of treatment or intervention effects on
mortality during heat illnesses. Each EHS mouse was paired
to an Exercise Control (ExC) mouse that underwent an iden-
tical protocol at Tgy,, = 25 = 2°C. Total numbers for treatment
groups were as follows: EHS = 48; VEHS = 47; ExC = 36;
VEXC = 39. Due to euthanasia at three different time points,
some mortality, and to ensure comparisons were adequately
powered, relatively high numbers of animals were tested.
Mice were either euthanized immediately (0 h) or allowed to
recover undisturbed at Tg,y = 25+2°C and provided food
and water ad libitum in their home cages until sample collec-
tion at 3 or 24 h postprotocol. Premature mortality was
defined as not surviving to the designated euthanasia time-
point. Combining all specimens for the three separate time-
points of euthanasia, 5/47 VEHS and 10/48 EHS specimens
died before planned euthanasia; none of the ExC (0/36) and
VEXC (0/39) mice died before planned euthanasia.

Blood and Organ Collection

Under isoflurane anesthesia, blood was collected via car-
diac puncture and immediately transferred to 500-uL ethyle-
nediaminetetraacetic acid (EDTA)-coated and 200-uL lithium
heparin-coated microcentrifuge tubes and placed on ice.
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Liver enzymes alanine transaminase (ALT) and aspartate
transaminase (AST), metabolic indicators of renal health
blood urea nitrogen (BUN) and creatinine, and a potential in-
dicator of hepatic and renal health albumin (ALB) were deter-
mined using a Vetscan VS2 Chemistry Analyzer (Abaxis,
Union City, CA). Following exsanguination, animals were eu-
thanized, and the liver was excised, rinsed with cold 0.9% sa-
line, 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—
interleukins-1 g (IL-1pB), -6 (IL-6), -10 (IL-10), and -12 subu-
nit p40 (IL-12p40), granulocyte-colony-stimulating factor
(G-CSF), and tumor necrosis factor o (TNF-o)—and chemo-
kines—interferon y-induced protein 10 (IP-10 or CXCL10),
keratinocytes-derived chemokine (KC or CXCL1), macro-
phage inflammatory proteins 1-o (MIP-la or CCL3), 1-B
(MIP-1B or CCL4), and 2 (MIP-2 or CXCL2), and regulated
on activation, normal T cell expressed and secreted
(RANTES or CCL5)—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; 7-14 mice/group).

Plasma ELISA Assays

Plasma ELISAs measured intestinal fatty acid-binding
protein 2 (iFABP2) and D-dimer (both Cloud-Clone, Katy, TX)
and lipoteichoic acid (LTA; MyBioSource, San Diego, CA) in
mouse plasma samples. Circulating iFABP2 indicates intesti-
nal enterocyte damage, b-dimer indicates a major coagula-
tion event, and LTA is a component of Gram-positive
bacteria.

Lipopolysaccharide

Plasma samples were processed by Associates of Cape Cod
Incorporated to measure LPS content in EHS mice exhibiting
the most severe symptoms.

Western Blotting

Livers were homogenized and prepared as previously
described (20). Equal amounts of protein from lysates as
determined by BCA assay were separated by SDS-PAGE,
transferred to polyvinylidene difluoride membranes, and
confirmed using MemCode protein stain (Thermo Fisher).
Membranes were blocked at room temperature (RT) and
incubated in primary (1:1,000 in TBST + 1% BSA) and
secondary antibodies (LI-COR donkey anti-rabbit 926-
32213—1:10 K in TBST). Protein bands were visualized using
fluorescence imaging (LI-COR Odyssey, Lincoln, NE) and
quantitated via densitometry on ImageJ (NIH, Bethesda,
MD). Results were expressed as bands normalized to pre-
block MemCode staining. Phosphorylated protein intensities
were expressed with total protein signal as a covariate.
Primary antibodies were directed against phosphorylated
[Threonine (Thr)183/Tyrosine (Tyr)185] and total c-Jun NH,-
terminal kinase (JNK; Cell Signaling Technology—CST—
Danvers, MA: 9252 and 4668). Due to no mortalities in ExC
and VEXC mice, hepatic JNK signal analysis focused on EHS
compared with VEHS.
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Calculations

Percent dehydration was calculated as previously described
(29). In addition, water consumption from the night before
EHS/ExC was calculated for a subset of specimens. Maximum
Tc (Temax) and minimum Te (Temin) in EHS mice were typically
observed during passive heating and ~3 h post-EHS, respec-
tively. Thermal load (°C-min; measured as thermal area) was
also calculated as previously described (29). Hypothermia du-
ration was defined as total time (min) when T < 34.5°C (30).

Intestinal Microbiota

Fecal samples (n = 7/group, all 4 groups) were collected on
completion of the exertional protocol (though not controlled for
when mice passed the sample during exertion) and stored at
—80°C until processed and analyzed by ZymoBIOMICS (Zymo
Research, Irvine, CA). DNA was extracted using a 96 MagBead
DNA Kit (Zymo Research). Bacterial 16S ribosomal RNA gene
amplicon sequencing was performed using custom-designed pri-
mers targeting the V3-V4 region of the 16S rRNA gene. Fungal
ITS gene targeted sequencing was performed using the Quick-
16S NGS Library Prep Kit with custom ITS2 primers substituted
for 16S primers. PCR products were quantified and pooled based
on equal molarity. The final pooled library was cleaned with the
Select-a-Size DNA Clean & Concentrator (Zymo Research), then
quantified with TapeStation (Agilent Technologies, Santa Clara,
CA) and Qubit (Thermo Fisher Scientific, Waltham, WA). The
ZymoBIOMICS Microbial Community Standard and Microbial
Community DNA Standard were used as positive controls for
each DNA extraction and each Targeted Library Preparation,
respectively. Negative controls included blank extraction con-
trols and a blank library preparation control. The final library of
300 bp paired-end reads was sequenced on Illumina MiSeq with
a v3 reagent kit (600 cycles) and 10% PhiX spike-in.

Potential sequencing errors and chimeric sequences were
removed and unique amplicon sequences variants (ASVs)
were inferred from raw reads using the DADA?2 pipeline (31).
Taxonomy assignment was performed using Uclust from
Qiime v.1.9.1 with the Zymo Research Database (32). All anal-
yses were performed with Qiime v.1.9.1 (32). To determine
absolute abundance, a quantitative real-time PCR was set up
with a standard curve made with plasmid DNA containing
one copy of the 16S gene prepared in 10-fold serial dilutions
and the same primers used in the Targeted Library
Preparation. The equation for the plasmid DNA standard
curve was used to calculate the number of gene copies in the
reaction for each sample, and the PCR input volume was
used to calculate the number of gene copies per microliter in
each DNA sample. Genera with significant differences in rel-
ative abundance between EHS and VEHS were identified by
Linear Discriminant Analysis of Effect Size (LEfSe) (33) using
default settings at http://galaxy.biobakery.org/.

STATISTICS AND PRIOR DATA
PRESENTATION

Adequacy of group sizes was determined using a two-sam-
ple t test power calculation estimating ~1°C reduction in
post-EHS hypothermia and accounting for ~30% attrition
due to mortality or technical issues with telemeters. All analy-
ses were completed using the R statistical computing language
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(version 4.1.2). Thermoregulatory variables were compared
using a Wilcoxon rank-sum test (EHS vs. VEHS). For bio-
marker and cytokine/chemokine analyses, due to significant
skew of the distributions visually confirmed through plots of
the residuals, biomarkers measured in the plasma and organs
were Box-Cox transformed to normalize distributions, and the
residuals were visually inspected to confirm appropriate
model fit. Time and treatment main effects and interaction
effects were determined. Biomarker comparisons were then
made using an ordinary least squares linear model (i.e.,
ANOVA). Comparisons between EHS and VEHS conditions
were made with specific contrasts using the “emmeans” R
package. To control for multiple comparisons, a Holm-
Bonferroni correction was applied to the pairwise compari-
sons. Statistical significance was determined at o <0.05. Data
are expressed as means * SD, unless otherwise indicated.
Vancomycin had no effects on outcomes in ExC versus VEXC.
Accordingly, the primary comparison and data visualizations
were made between EHS and VEHS as our primary objective
was to infer whether prior antibiotics mitigated EHS severity.
EHS data for biomarkers and cyto-/chemokines as well as
0 h EHS liver samples for analyzing JNK phosphorylation
have been published in a prior publication (20). However,
the current study made novel comparisons across different
treatment groups (i.e., EHS and VEHS) and provides insight
on whether antibiotic treatment can mitigate EHS severity.

RESULTS

Thermal and Hydration Data

Compared with EHS mice, VEHS mice had lower Tcmax
(42.3+£0.4°C vs. 42.6+0.4°C; P = 0.005; n = 47-48/group)
and Dehydration Percentage (11.7 +1.9% vs. 12.8 £ 2.0% dehy-
dration; P = 0.005; n = 47-48/group) following exertional
heating. VEHS mice had lower T in cage during daytime/
resting phase (35.9+0.2 vs. 36.3+0.2°C) and nighttime/
active phase (36.6+0.2 vs. 37.0+0.2°C) before exertional
heating when compared with EHS mice that consumed only
water (P < 0.001; n = 46-48/group for both phases). VEHS
mice also drank more water on the day before exertional

heating when compared with EHS mice (6.5+0.9 mL vs.
5.6+0.9 mL; P < 0.001; n = 47-48/group). Similar vancomy-
cin effects on preexertional T were also observed in VExC
mice compared with ExC mice (data not shown). No differ-
ences were observed for Thermal Load, Hypothermia
Duration, or Tcamin (Table 1).

Blood Biomarkers

There was an interaction of treatment and time leading to
reduced levels of ALB, AST, and ALT in VEHS compared
with EHS mice. ALB (Fig. 2A) was lower at O h (P = 0.04; n =
11-12/group) and 3 h (P = 0.002; n = 6-12/group) in VEHS.
ALT was lower at 24 h (Fig. 2D; P = 0.008; n = 8-10/group) in
the vancomycin group. There was also a trend after the
Holm-Bonferroni correction for lower AST in VEHS at 24 h
(Fig. 2C; P = 0.053; n = 8-10/group). There was a main effect
of treatment (P = 0.028; n = 26-35/treatment) for creatinine,
which was lower in VEHS versus EHS mice (Fig. 2B). Other
measured biomarkers (not shown; see data repository for
more information) did not exhibit any differences.

Cytokines: IL-6, G-CSF, and IL-10

There was an interaction of treatment and time leading to
reduced IL-6 in VEHS compared with EHS mice (Fig. 3A; P =
0.023; n = 35-38/treatment), specifically at 24 h (Fig. 3A; P =
0.002; n = 11/group). For G-CSF (Fig. 3B; n = 35-38/treat-
ment) and IL-10 (Fig. 3C; 29-32/treatment), there were indi-
vidual main effects of treatment (G-CSF P = 0.022; IL-10
P = 0.018) with lower values in both cytokines in the vanco-
mycin group. There were no differences for other cytokines
in VEHS compared with EHS (data not shown; see data re-
pository for more information).

Chemokines: MIP-10/CCL3, MIP-13/CCL4, KC/CXCLA1,
and MIP-2/CXCL2

There was an interaction of treatment and time leading
to reduced levels of MIP-1a (P = 0.033), MIP-1p (P = 0.025),
and KC (P = 0.027) in VEHS compared with EHS mice.
MIP-1a was lower at 3 h (Fig. 3D; P = 0.038; n = 12-14/
group), MIP-1p was lower at 24 h (Fig. 3E; P < 0.001; n = 11/

Table 1. Thermoregulatory responses during heat exposure and recovery

EHS' VEHS' P Value?

Pre-EHS

Tc resting phase (morning) 36.31£0.2 (n=48) 359+0.2(n=47) <0.001

Tc active phase (night) 37.0+£0.2 (n=48) 36.6+0.2(n=47) <0.001

Water consumed (night before) 5.6 £ 0.9 (n =48) 6.5+0.9 (n=47) <0.001
Heat exposure

Time to collapse, min 246.8 +44.3 (n = 47) 2377 £34.7 (n =47) 0.3

Tc at collapse, °C 423+0.2 (n=48) 421+£0.2 (n=47) <0.001

Temax °C 426 £0.4 (n=47) 423 +0.4 (n=47) 0.005

Thermal load, °C-min 781.4 £139.0 (n = 26) 7322 +13.3 (n = 27) 0.2

Dehydration, % 12.8 £ 2.0 (n = 48) 1.7 £1.9 (n = 47) 0.005
Recovery

Time to Temin, Min 19491841 (n="1) 1488+ 313 (n=1"1) 0N

Temins °C 30+15(n="1) 30.1+£0.8(n=") 0.9

Hypothermia duration, min 397.3+2195(n=9) 473.9+149.9 (n =1M) 0.4

Survival, % 79.2 89.4 0.17

Welch’s two-sample ¢ test. Values are presented as means = SD. *Wilcoxon rank-sum exact test. Vancomycin treatment for 1 wk lowered
core temperature (Tc) during the resting phase (morning) and active phase (night) before exertional heat stroke (EHS). Mice treated with van-
comycin also consumed more water than untreated mice the night before EHS. Following exertional heating, T¢ at collapse, maximal core
temperature (Tcumax), and dehydration percentage were lower in vancomycin-treated EHS (VEHS) compared with EHS mice.
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Figure 2. Circulating biomarkers in exertional heat stroke (EHS) and vancomycin-treated EHS (VEHS) mice at O, 3, and 24 h. A: albumin was decreased
in VEHS compared with EHS mice at O h (P = 0.04; n = 11-12/group) and 3 h (P = 0.002; n = 6-12/group). B: there was a main effect of treatment with
creatinine, with VEHS having overall lower levels of creatinine (P = 0.028). C: there were also no differences in aspartate transaminase (AST) levels
between EHS and VEHS at any timepoint, although AST tended to be lower in VEHS compared with EHS at 24 h (P = 0.053; n = 8-10/group). D: there
was a main effect of treatment across all timepoints for alanine transaminase (ALT) to be lower in VEHS compared with EHS (P = 0.028; n = 24-34/
group across all timepoints). Specifically, ALT was lower in VEHS compared with EHS at 24 h (P = 0.008; n = 8-10/group).

group), and KC (Fig. 3F; P = 0.026) was lower at 24 h (n =
11/group). There was a main effect of treatment (P < 0.001)
for MIP-2, indicating lower levels in VEHS compared with
EHS mice (Fig. 3G).

iFABP2, pD-Dimer, LPS, and LTA

No differences were observed between EHS versus VEHS
for circulating iFABP2 or D-dimer levels at any of the time-
points investigated. In addition, LTA levels at 0 h did not dif-
fer between EHS and VEHS mice (Supplemental Fig. S1;
https://www.doi.org/10.17605/0SF.I0/YKPMZ). LPS was not
detected in EHS mouse samples (nz = 9 across 0, 3, and 24 h),
but it was detected in serum from septic mice from a previ-
ous study that served as positive controls (data not shown)
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indicating LPS levels were below the detection threshold in
our EHS model.

Liver JNK Phosphorylation

There was a main effect of treatment on liver JNK phos-
phorylation at Thr183/Tyr185 at O and 3 h with VEHS lower
than EHS (Fig. 4; P = 0.004). Validation for antibody speci-
ficity and MemCode images used as loading controls pro-
vided in Supplemental Fig. S2.

Intestinal Microbiota

Vancomycin resulted in a 10>-10%*-fold reduction in
total fecal bacterial populations in VEHS and VEXC speci-
mens compared with EHS and ExC specimens (Fig. 5A;
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data plotted on a log;g scale) and pronounced shifts in
community composition (Fig. 5B). The most salient dif-
ference in microbiota was that genera within orders
Clostridiales and Bacteroidales comprised a combined
~94%-95% of the bacteria in untreated specimens but
only ~1%-4% in vancomycin-treated specimens. Relative
abundance of an unidentified taxa within the order
Bacteroidales and the genus Lachnoclostridium and un-
identified genera within families Lachnospiraceae and
Ruminococcaceae (all belonging to order Clostridiales)
comprised the majority of microbiota in EHS and ExC
specimens. In contrast, the dominant genera varied
across vancomycin-treated specimens although Bacillus
and Curtobacterium were the predominant genera in half
of the VEHS and VEXC specimens. In the other half of
VEHS and VEXC specimens, the microbiota were domi-
nated by a single genus that differed across specimens:
Weisella, Alcaligenes, and Pediococcus in 2, 1, and 1 VEHS
specimens, respectively, and Kerstersia, Burkholderia-
Burkholderia-Paraburkholderia, and Cupriavidus in 1
VEXC specimen each (Fig. 5B). Focusing on differences
between VEHS and EHS mice, LEfSe analysis indicated
relative abundance of bacteria of genera Weissella,
Pediococcus, Bacillus, Staphylococcus, Arundo-Oryza
meyeriana, Thermoactinomyces, Curtobacterium, and
Saccharopolyspora was increased in VEHS mice. In con-
trast, bacteria of genera Oscillibacter, Lachnoclostridium,
and unidentified genera in orders Clostridiales and
Bacteroidales and in families Ruminococcaceae and
Lachnospiraceae were increased in EHS mice (Fig. 5C). Bray—
Curtis dissimilarity analysis shows separation of EHS and
VEHS mice by principal coordinates (Supplemental Fig. S3).

DISCUSSION

VEHS mice exhibited modest improvements compared
with EHS mice, reflected by lower circulating levels of markers
for organ damage and inflammation (Figs. 2 and 3). VEHS
mice also tended to have lower mortality (5/47) compared
with EHS mice (10/48), although this was not significant (P =
0.17). However, vancomycin in the drinking water may have
also prolonged survival. When mortalities occurred, EHS mice
typically died during or just after passive heating, closest to
0 h in 9/10 cases. However, in the five VEHS deaths, two died
closest to O h, two died ~1.5 h post-EHS between O and 3 h,
and one died ~4.5 h post-EHS. Evidence for vancomycin
action was reflected in lowered abundance and altered compo-
sition of fecal bacteria in treated animals (Fig. 5) with consist-
ent effects across VEHS and VExXC mice. Specifically, genera
within orders Clostridiales and Bacteroidales comprised a
combined ~94%-95% of the microbiota in untreated speci-
mens (EHS and ExC), but vancomycin reduced those orders to
~1%-4% of the microbiota in VEHS and VEXC mice. VEHS
mice also exhibited decreased markers of organ damage and
inflammation at 3 and 24 h post-EHS and decreased phospho-
rylation of JNK in the liver at 0 and 3 h post-EHS.

Vancomycin lowered T¢ in treated (VEHS and VExXC) mice
compared with untreated (EHS and ExC) mice (Table 1) before
exertion, which may have contributed to the improved out-
comes in VEHS mice. However, despite the lower T before
exertional heating, this cooling effect did not delay heat-
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induced collapse or prolong time of running/heating and sim-
ply resulted in lower T¢ at collapse in VEHS mice when com-
pared with EHS mice. It is uncertain whether lower T was
due to a direct effect of vancomycin or an indirect effect.
VEHS mice consumed more water than EHS mice, and vanco-
mycin may have indirectly influenced T via increased hydra-
tion. It is also possible that vancomycin effects on the
gut microbiota directly influenced Tc. One possibility is that
altered GI microbiota may have impacted intestinal nutrient
absorption and whole body metabolism, as we observed that
several vancomycin-treated mice had loose stool compared
with untreated mice (not shown). In addition, vancomycin-
treated mice exhibited severe reductions in bacteria of orders
Bacteroidales and Clostridiales (Fig. 5) compared with
untreated mice. Although some of these taxa were unidenti-
fied in Bacteroidales, several families/genera in both orders
are believed to contribute to metabolism/fermentation of
plant saccharides and amino acids, producing short-chain
fatty acids (e.g., 34, 35). Interestingly, some members of these
orders are also believed to become pathogenic when translo-
cated from the gastrointestinal tract to other body regions
(36), and targeting them may have mitigated symptomatology
in VEHS mice. Taken together, we speculate that vancomycin
may have reduced key microbes necessary to metabolize and
absorb nutrients in the intestines, likely leading to mild mal-
nutrition. In turn, this resulted in deficiencies in substrates/
compounds necessary to maintain normal metabolic proc-
esses, and the consequent lower whole body metabolism may
have been reflected in lower T¢ in vancomycin-treated mice.
Conceptually, these changes could have also affected the gut-
brain axis to affect thermal sensation/behavior in the hypo-
thalamus as evidence in broiler chickens indicates neuro-
chemical (e.g., serotonin) synthesis and metabolism are
linked to gut microbes (37).

Vancomycin had a main effect of treatment in lowering cre-
atinine, a metabolite indicative of renal function, across all
investigated timepoints. Vancomycin also attenuated rises in
circulating levels of liver enzymes indicative of damage; ALT
was lower in VEHS compared with EHS mice with a similar
trend in AST (P = 0.053) at 24 h. Hepatic complications are
especially common in severe EHS cases in humans (24, 38, 39),
but our results suggest vancomycin conferred some protective
effects against EHS-associated hepatic toxicity and damage.

Similar to the biomarker results, vancomycin reduced circu-
lating cytokines and chemokines in VEHS compared with EHS
mice at 24 h, a few differences occurring at 3 h; no cytokine or
chemokine differed across two separate timepoints when com-
paring EHS and VEHS (e.g., IL-6 was lower in VEHS compared
with EHS at 24 h, but not at 3 h). Most differences were
observed at 24 h when IL-6, KC/CXCL1, and MIP-18/CCL4 were
lower in VEHS compared with EHS. All three factors are impli-
cated during LPS response, a key event following intestinal per-
meability according to the Dual Pathway Hypothesis (6), and
are considered proinflammatory: MIP-1f and IL-6 in humans
(40) and KC in mouse macrophage cells (41). CXCL1 attracts
neutrophils to sites of microbial pathogenesis resulting in
inflammatory and immune responses (42), CCL4 is a crucial
mediator for monocyte/macrophage recruitment during
inflammatory response (43), and IL-6 has pleiotropic effects
during inflammatory and immune responses including induc-
tion of B-cell differentiation and rapid induction of acute
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phase proteins (44). As these were all suppressed in VEHS
mice, it is possible that vancomycin prophylaxis suppressed
the inflammatory/immune responses elicited by circulating
gut microbiota. However, circulating LPS at O h post-EHS was
undetectable in our current study, and other chemokines (e.g.,
CXCL2, CCL3) implicated during LPS response (40, 41) were
not different with vancomycin treatment.

As LPS is typically associated with Gram-negative bacte-
ria and vancomycin primarily targets Gram-positive bacte-
ria, we also investigated whether LTA, the Gram-positive
analogue of LPS implicated in Gram-positive sepsis (45—
47), could contribute to EHS severity. This comparison
was conducted at O h post-EHS as most prominent effects
on EHS severity would be obvious at this timepoint.

VEHS
VEHS

Unlike LPS, LTA was detectable in our mice, but there
were no statistical differences in blood LTA levels between
EHS and VEHS, suggesting that 1) LPS/LTA contributes lit-
tle to EHS pathophysiology in mice, 2) other uninvesti-
gated/unidentified bacterial components may influence
EHS symptoms, and/or 3) antibiotic-induced increases in
water intake resulted in higher levels of hydration to miti-
gate EHS symptoms. Taken together, VEHS mice exhibited
modestly attenuated inflammatory responses at 3 and 24 h
compared with EHS mice.

Reduced levels of circulating biomarkers and cytokines/che-
mokines with vancomycin at 24 h suggested mitigated organ
damage and suppressed inflammatory response in VEHS com-
pared with EHS mice. However, all EHS/VEHS fatalities due to

Figure 3. Circulating cytokines (A—C) and chemokines (D—G) in exertional heat stroke (EHS) and vancomycin-treated EHS (VEHS) mice at 0, 3, and 24 h.
A:interleukin (IL)-6 (log scale) was lower in VEHS compared with EHS mice at 24 h (P = 0.002; n = 11/group). B: there was a main effect of treatment (P =
0.022; n = 35-38/group across all timepoints) to reduce granulocyte-colony-stimulating factor (G-CSF) between EHS and VEHS mice across all time-
points. C: there was a main effect of treatment (P = 0.018; n = 35-38/group across all timepoints) to reduce IL-10 between EHS and VEHS mice across
all timepoints. D: there was an interaction effect of treatment and time to reduce macrophage inflammatory protein (MIP)-1o levels in VEHS compared
with EHS mice. MIP-1a (log scale) was lower in VEHS compared with EHS at 3 h (P = 0.038; n = 12-14/group). E: MIP-18 was lower in VEHS compared
with EHS at 24 h (P < 0.001; n = 11/group). F: keratinocyte chemoattractant (KC) was lower in VEHS compared with EHS mice at 24 h (P = 0.026; n =10/
group). G: there was a main effect of treatment for MIP-2 (log scale) to be lower in VEHS compared with EHS mice (P < 0.001; n = 35-38/group across

all time points).
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Figure 5. A: total bacterial abundance in each specimen plotted on a logso-scale indicated fewer fecal bacteria in vancomycin-treated exertional heat
stroke (VEHS) and vancomycin-treated Exercise Control (VExC) mice compared with untreated EHS/ExC mice. B: intestinal microbiota composition
measured at the end of the exertional protocol (listed by genus name without full taxonomical classification) is shown for all genera that constituted >1%
of total. A genus within family Lachnospiraceae, a genus within the order Bacteroidales, and a genus within family Ruminococcaceae were the dominant
bacterial genera in EHS and ExC mice. In contrast, the dominant genera in vancomycin-treated mice were varied across specimens, and in half of VEHS
and VEXC specimens, there was a single predominant genus composing the majority of the fecal microbiota. NA indicates genera that were not identi-
fied. Combining genera within orders Clostridiales (NA NA, Ruminococcaceae NA, Oscillibacter, Lachnospiraceae NA, Lachnoclostridium, Clostridium)
and Bacteroidales (NA NA) accounted for ~94%—-95% of the bacteria in EHS and ExC samples; these orders accounted for only ~1%—4% of bacteria in
VEHS and VExC samples. C: linear discriminant analysis Effect Size (LEfSe) indicates the bacterial genera that differed by relative abundance between
EHS and VEHS mice. “NA” indicates unidentified taxonomic classes; in such cases, the “NA” label was used until the name of the lowest taxonomic class

identified was provided. EHS, exertional heat stroke; EXC, exercise controls.

exertional heating occurred closer to O and 3 h post-EHS rather
than at 24 h. Consequently, we focused on elucidating rapidly
activated signaling pathways post-EHS via western blotting to
determine whether 1) they may correspond to EHS severity/
mortality and 2) vancomycin or increased water intake affects
these pathways at 0 and 3 h to underlie improved outcomes at
later timepoints. We have previously demonstrated that he-
patic JNK phosphorylation on the Thrl83/Tyrl85 residues
proximal to the collapse of EHS specimens corresponds with,
and may modulate, heat illness severity in our mouse model
(20). Consistent with that interpretation, JNK phosphorylation
was modestly decreased (on average) in VEHS compared with
EHS liver despite no alterations in total JNK levels (Fig. 4).
There was a main effect of vancomycin to decrease JNK phos-
phorylation at O and 3 h, although there were no significant
differences at the individual timepoints. Interestingly, JNK
phosphorylation pattern was similar across both timepoints
although 0 h is more proximal to Tcyax and 3 h is during the
hypothermic phase proximal to Teumin. Consequently, we con-
clude that JNK activation is not solely dependent on or directly
corresponding to hyperthermia.
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Consistent with previous results indicating increased JNK
phosphorylation may positively correlate with heat illness
severity (20), the current results suggest that inhibited or
decreased JNK phosphorylation may correspond to dimin-
ished EHS severity. Furthermore, both vancomycin-induced
improvements during EHS and the overall reduction of JINK
phosphorylation were modest, supporting the concept
that JNK and its signaling may be crucial to EHS patho-
physiology and could serve as a therapeutic or counter-
measure target against EHS. However, there are caveats
to this interpretation: vancomycin is not known to be a
direct JNK inhibitor, and VEHS mice also had lower T
values and higher water intake before exertional heating
compared with EHS mice. Consequently, it is still unclear
how vancomycin impacted hepatic JNK phosphorylation
and EHS severity and whether this was due to direct effects
on the intestinal microbiota and/or due to decreased T¢
and increased hydration due to increased water intake.
Nonetheless, our past and current findings indicate future
work should target JNK to ascertain its role during EHS and
EHS-associated hepatic issues.
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Limitations

Although vancomycin induced some beneficial effects, it
likely also had several off-target effects not analyzed in the
current study. VEHS mice had enlarged ceca compared with
EHS mice (also observed in VEXC mice during organ collec-
tion), which suggests there may have also been alterations in
gastrointestinal function and structure due to vancomycin.
This observation is consistent with results from other studies
examining antibiotic-treated mice (48-50), and some specu-
late this could be due to water retention by intestinal cells
during short-term treatment (48). Accordingly, cecal enlarge-
ment could be associated with the increased water consump-
tion we observed (Table 1), and increased water intake in turn
could have led to increased hydration and lower T¢ to
improve EHS outcomes. Although a lower vancomycin dose
could have minimized off-target or adverse microbiota effects
following antibiotic prophylaxis (e.g., cecal enlargement), the
current high dose only induced modest changes in EHS out-
comes. Accordingly, we speculate that although a lower van-
comycin dose would have induced less adverse or off-target
effects, it would have also negated any beneficial effects due
to antibiotics on EHS outcomes. In addition, although vanco-
mycin reduced EHS severity (e.g., reduced biomarkers and
inflammation markers in circulation), antibiotics could have
other independent deleterious effects such as increasing anti-
microbial resistance in bacterial pathogens (51) and causing
or exacerbating diarrhea and dehydration (52). Taken together
and despite modest benefits, antibiotics are impractical for
EHS prophylaxis.

Although cecal enlargement due to vancomycin could have
resulted in discomfort to the mice, there were no abnormal
elevations of markers for organ damage or inflammation in
the VEXC mice, vancomycin did not exacerbate EHS symp-
tomatology, and the EHS protocol was arguably the most
stressful condition for tested specimens. There may have been
a censoring effect with timed euthanasia (i.e., 0 h euthanasia
could have masked the true mortality rate of EHS). However,
the time of euthanasia for each animal was determined a pri-
ori, and we did not shift this based on EHS phenotype at col-
lapse, thus minimizing end point bias. Furthermore, most of
the instances when an animal euthanized at O h was noted to
have been a possible censored mortality occurred in EHS
rather than VEHS mice, suggesting if there was a censoring
effect, a significant vancomycin effect on overall post-EHS
survival may have been obscured. However, this study was
never intended to be solely focused on post-EHS survival, and
we assert that our current approach enabled us to characterize
antibiotic effects on EHS outcomes while reducing the num-
ber of animals required for testing.

Conclusions

Vancomycin prophylaxis targeted gastrointestinal microbiota
and modestly mitigated EHS severity, as assessed by decreased
JNK phosphorylation, attenuated rises in biomarker levels, and
a trend for decreased/delayed mortality. Consequently, our data
suggest that the gut microbiota may contribute to EHS patho-
physiology in a conscious, unrestrained animal model. This pos-
sibility warrants further investigation as other studies could also
more conclusively elucidate effects of targeting Gram-negative
bacteria, altering timing/duration of antibiotic treatment, if

J Appl Physiol - doi:10.1152/japplphysiol.00368.2023 - www.jap.org

there are other bacterial components besides LPS and LTA that
can influence EHS symptomatology, or probiotic prophylaxis to
decrease inflammatory responses and increase barrier function
in intestines (53). In addition, evidence from this study and prior
work (20) indicates future research could directly target JNK
action(s) and determine its involvement in the onset and
severity of heat casualty. Although it is uncertain whether
JNK has a protective or pathological role during EHS,
more fully characterizing the role of this node and its sig-
naling pathway (i.e., downstream targets) could enable
more specific or targeted interventions (chemical, dietary,
training/acclimation, or a combination of the three) to pre-
vent, treat, or provide supportive therapy for EHS cases.
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