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Pre-exercise hot water immersion increased circulatory heat shock proteins but
did not alter muscle damage markers or endurance capacity after eccentric
exercise
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ABSTRACT

Pre-exercise passive heating attenuates muscle damage caused by eccentric exercise in rats where
the induction of heat shock proteins (HSPs) confers a myoprotective effect. We investigated
whether pre-exercise hot water immersion (HWI) confers similar benefits in humans. Eleven
recreational male athletes were immersed in 41°C water up to 60 min or until rectal temperatures
reached 39.5°C. After a 6 h rest, the participants performed an eccentric downhill run for 1h at
—4% gradient to induce muscle damage. An endurance capacity test at 75% VO;max Was con-
ducted 18 h later. The control trial was similar except that participants were immersed at 34°C.
Blood samples were collected to assess HSPs levels, creatine kinase, and lactate dehydrogenase
activities. Plasma eHSP70 was higher post-immersion in HWI trials (1.3 £ 0.4 vs 1.1 + 0.4; p = 0.005).
Plasma eHSP27 was higher before (p=0.049) and after (p=0.015) endurance test in HWI.
Leukocytic p-HSP27 was increased 18 h after HWI (0.97 £ 0.14 vs 0.67 £ 0.11; p = 0.04). Creatine
kinase and lactate dehydrogenase activities were increased by 3-fold and 1.5-fold, respectively,
after endurance test in HWI but did not differ across trials (p > 0.05). Mean heart rates were higher
during eccentric run and endurance test in HWI as compared to control (p < 0.05). Endurance
capacity was similar between trials (57.3+11.5min vs 55.0 + 13.5 min; p=0.564). Pre-exercise
heating increased the expression of plasma eHSPs and leukocytic p-HSP27 but did not reduce
muscle damage nor enhance endurance capacity.
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Introduction use of hot water immersion as a pre-exercise inter-
vention to reduce EIMD and preserve exercise
capacity is not well established.

The rationale behind the use of pre-exercise

passive heating as a potential muscle protective

Prolonged or high-intensity exercises can lead to
muscle damage which results in muscle stiffness,
soreness, and loss of strength [1]. Endurance capa-

city was impaired after the induction of exercise- R . o )
intervention is derived from research findings in

induced muscle damage (EIMD) where partici-
pants rated a higher perception of exertion than
the control group [2]. Therefore, interventions
that attenuate EIMD may be helpful to sustain
long-term training regime or physical performance
during competition seasons. Several pre- and post-
exercise interventions such as stretches, cryother-
apy, compression, and water immersion have been
used to relieve muscle damage [3]. However, the

animal models. It has been shown that acute heat
stress induced in rats 48 h prior to exercise helped
to attenuate the muscle damage caused by down-
hill running [4]. Heat shock proteins (HSPs) were
expressed due to heat exposure where they can
bind and interact with various damaged proteins
to preserve or restore their functions during stress-
ful conditions. Furthermore, transgenic mice with
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HSP72 overexpression have displayed greater
endurance capacity as well as greater tolerance
against EIMD [5]. On the contrary, the ablation
of inducible HSP70 in mice delayed the inflamma-
tory response toward EIMD and severely impaired
muscle regeneration [6]. Smaller heat shock pro-
teins such as HSP27 have also been implicated in
protective stress responses, where they facilitate
the proper refolding of damaged proteins [7].
When phosphorylated, HSP27 reorganizes into
smaller oligomers which can bind to myofilaments
to stabilize and maintain ultrastructural integrity
in muscles [8,9]. Importantly, there have been
studies in humans [9,10] that suggest the potential
of HSPs in the protection against EIMD, as well as
facilitating the repair and restoration of damaged
myofibrils.

Passive heating as a pre-exercise intervention has
also been examined in several human studies. For
instance, Nosaka and colleagues [11] demonstrated
that the induction of arm muscle hyperthermia via
microwave diathermy one day prior to eccentric
exercise conferred protective effects against muscle
damage. Another study [12] showed that leg immer-
sion in hot water before stretch-shortening exercises
reduced the levels of serum creatine kinase (CK) and
alleviated muscle soreness. Furthermore, localized
heat preconditioning has been shown to preserve
maximal voluntary contractions and the range of
motion in the upper limb after eccentric exercises
[13]. Therefore, these findings supported the use of
acute heat exposure to preserve or restore skeletal
muscle integrity. However, there are limited studies
on the use of whole-body immersion as a systemic
pre-heating strategy [14-19] and it is unclear if this
protective effect of passive heating can aid in preser-
ving human endurance capacity.

Therefore, this study sought to investigate whether
pre-exercise passive heating could protect against
EIMD from prior exercise bout through systemic
heat shock response, thereby maintaining the endur-
ance capacity. We evaluated the potential protective
effect of passive heating by comparing hot water
immersion at 41°C to a control immersion at 34°C
where changes in circulatory biomarkers of muscle
damage and heat shock response were assessed. We
hypothesized that passive hyperthermia induced
through hot water immersion could promote the

release of HSPs to confer protective effects against
EIMD and thus, improve endurance capacity relative
to the control condition.

Methods
Participants

Eleven healthy recreational male athletes between
21 and 27 years of age were recruited. The partici-
pant characteristics were as follows (mean + SD):
age, 25 * 2 years; body mass, 64.1 + 6.4 kg; height,
1.73+0.06 m; body fat percentage, 11 + 4%; max-
imal oxygen consumption (VO,p.x), 55 = 7 ml/kg/
min. All protocols were approved by the institu-
tional review board (IRB) of the National
University of Singapore under the NUS-IRB refer-
ence code of B-16-096 and approval number of
NUS 3023. Details of the trial procedures, risks
involved, and precautions taken were made clear
to the participants before written informed con-
sent. All participants completed a health declara-
tion form and were certified fit-for-trials by
a physician prior to commencement.

Study design

The trials were randomized, counterbalanced, and
conducted under a controlled laboratory setting.
The study included four sessions, the first session
comprised a maximal oxygen uptake (VO,.y) test
and anthropometry measurements; the second ses-
sion was a familiarization trial (FAM); the third and
fourth sessions were experimental trials: hot water
immersion (HWI) and control (CT) trials. The two
experimental trials (HWI and CT) were randomly
assigned to participants, with each trial being at
least 7 days apart to allow recovery. In this crossover
design, each participant underwent both trials where
they served as their own controls. All the trials were
conducted with dry bulb temperature and relative
humidity maintained at 22.9+0.5°C and 50 + 3%,
respectively. All experimental trials were conducted
at the same time of day to avoid circadian influences.

Anthropometric measurements

Body mass was measured to the nearest 0.01 kg
with an electronic precision balance scale (Mettler-



Toledo GmBH, Giessen, Germany), while the
height was measured to the nearest 1 mm with
a stadiometer (NAGATA BW-110 H, Yong Kang,
Tainan). Skinfold (4-site) at the biceps, triceps,
subscapular, and suprailiac were measured using
skinfold calipers (Model HSK-BI-3; Harpenden,
Baty International, United Kingdom) and mean
value was used to calculate total skinfolds. The
total body fat percentage was estimated with the
equation of Siri (1961).

Incremental exercise test

Peak aerobic capacity (VO,mayx) of each participant
was measured using incremental exercise protocol
(Bruce, 1972) during the first visit. Participants ran
at four different speeds on a treadmill (h/p/cosmos
Mercury, Germany), starting at a speed 1km/h
slower than their expected pace for a 10 km race,
with increments of 1 km/h every 3 min, for a total
of 12 min. Heart rate (HR) and ratings of per-
ceived exertion (RPE) were recorded during the
last 10 s of each 3 min stage. Oxygen uptake (VO,)
was assessed over the final minutes of each stage
through a mouthpiece connected to a metabolic
cart (Parvomedics, USA). Following 5-10 min rest,
the participant performed another run with a fixed
speed at moderate exertion (to be determined by
the researcher based on the preceding 12 min run)
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with an initial gradient of 1%, and increased by 1%
every min until volitional exhaustion is reached.
VO, max Was recorded as the mean oxygen uptake
over the last minute before volitional exhaustion.
The relationship between VO, and speed for each
participant was used to determine their individual
running speeds at 70% and 75% VO,.x in sub-
sequent experimental trials.

Experimental trials

Participants were reminded to have a standardized
diet, remain hydrated by consuming sufficient
water, have at least 8 h of sleep, refrain from alco-
holic/caffeinated beverages, and refrain from
strenuous physical activity for 24 h before each
trial. For the experimental trials, participants com-
pleted a 24h dietary and physical activity ques-
tionnaire to facilitate their compliance with the
study requirements.

There are three phases in each trial: (a) immer-
sion phase, (b) eccentric downhill run (ER) and (c)
endurance capacity test (ET) over the course of 2
days (Figure 1). In FAM or HWI trial, participants
were passively heated in a water bath (seated and
immersed up to shoulder level) maintained at
41°C for a maximum of 60 min or until a rectal
temperature (T,.) of 39.5°C is reached. The mean
immersion duration was 41+ 12 min across all

Day 1 Day 2
T
|
. 41°C for 60 min 60 min run Endurance
Fo Tral or until T,, of » 70% VOspay # Gapaclty feat
e 39.5°C - 4% slope I 75% VOspax
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|
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]
CT Trial 34°C for 60 min » 70% VOy1y » S
- 4% slope 1,; ol
(] pe
) A ¢ )
| I
Baseline Post-immersion Pre-ET Post-ET
Blood Blood Blood Blood

Figure 1. Experimental design. For familiarization and hot water immersion trials, the participants were immersed in 41°C for 60 min
or until rectal temperature reached 39.5°C. In control trials, the participants were immersed in 34°C for the same duration. 6 h later,
they performed a downhill eccentric run at —4% gradient and 70% VO,may. On the following day (18 hours later), an endurance
capacity test was conducted at 1% gradient and 75% VO,ax. FAM — familiarization, CT — control, HWI — hot water immersion.
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participants, with only one participant exposed to
the maximal predetermined duration of 60 min.
After immersion, they rested for a period of 6 h
for recovery of body temperature before perform-
ing an ER at 70% VOj.x on a treadmill at —4%
gradient for 1h. The next day (18 h later), an ET
was conducted at 75% VO,,.« With 1% treadmill
incline where the participants ran till volitional
exhaustion. For both runs, ambient temperature
water (1.5 g/kg) was given every 15 min for hydra-
tion. For the CT trial, the protocol was similar to
HWI trial except that the participants were
immersed in 34°C water to maintain resting body
temperature. Blood sampling was performed at
four timepoints: (1) baseline, (2) post-immersion,
(3) pre-ET and (4) post-ET (Figure 1).

HR and T,. of each participant were, respec-
tively, monitored using a cardiotachometer (Polar
A800, Polar Electro Oy, Kempele, Finland) and
a disposable rectal thermistor probe inserted 10
cm into the rectum (Measurement Specialties Inc.,
OH, USA). Readings were recorded every 5min
during the run. VO,, RPE (Borg scale [20]), and
ratings of thermal sensation (RTS, Young et al,
1987 [21]) were recorded at 15-min interval dur-
ing the run. Perceived muscle soreness was mea-
sured at baseline (before immersion), before ET,
and 24h after ET using a visual analog scale,
where participants indicated their perceived thigh
muscle soreness along a 10 cm line while main-
taining a half-squat position (knee flexed at 90°)
for 2 s.

Blood sampling and processing

Approximately 20 ml of venous blood was with-
drawn from the median cubital vein of subjects
into three EDTA-containing tubes (BD Vacutainer
K2-EDTA, Becton Dickinson, New Jersey, USA)
and a serum tube (BD Vacutainer serum tubes,
Becton Dickinson, New Jersey, USA). The serum
tube was used for the analysis of serum osmolality
via Osmomat freezing point depression (Osmomat
030-D, Gonotec, Germany). Peripheral blood
mononuclear cells (PBMCs) were isolated from
EDTA-treated blood following the Sigma-Aldrich
PBMC isolation  protocol  (Sigma-Aldrich,
Missouri, USA). The plasma top layer was used
for the CK and lactate dehydrogenase (LDH)

activity assays and ELISA to detect extracellular
HSPs (eHSPs). The isolated PBMC layer was
used for the western blot analysis of leukocytic
HSP levels.

CK/LDH assays and ELISA for plasma eHsps

Enzyme activities of CK and LDH (muscle damage
biomarkers) were quantified in the extracted
plasma with commercial assay kits. CK activity
was quantified with the Sigma-Aldrich CK
Activity Assay Kit (MAKI116, Sigma-Aldrich,
Missouri, USA; detection range: 30-1800 units/L
CK activity), and LDH activity was quantified with
the Sigma-Aldrich LDH Activity Assay Kit
(MAKO066, Sigma-Aldrich, Missouri, USA; detec-
tion range: 0 to 250 units/L LDH activity) in
accordance with the manufacturers’ protocol.
Intra-assay analytic correlation variation (%)
assessed upon three test subjects’ samples, stan-
dards, and positive control were 5.3% and 2.5%,
respectively, for CK and LDH assays. Plasma levels
of eHSP27 and eHSP70 were quantified using
ELISA kits (Human HSP27 and HSP70 DuoSet
ELISA, R&D Systems, Inc., Minnesota, United
States) following the manufacturer’s protocol.
CK/LDH activity or plasma HSPs levels were nor-
malized to CT baseline values and expressed as
fold change (i.e. the value of 1 indicates no differ-
ence from the control baseline level).

Western blotting for leukocytic HSPs

PBMC (includes all leukocytes except granulo-
cytes) was isolated from the blood samples and
used as a surrogate for HSP expression in the
muscle cells. Leukocytic heat shock response was
shown to be an appropriate surrogate for the heat
shock response in skeletal muscles [22].
Circulating leukocytes in the blood were well
exposed to both the systemic signals and to the
signals released by the perfused tissues, so they
likely exhibit similar cellular response as periph-
eral tissues [23].

PBMC pellets were first lysed in a Triton X-100-
based lysis solution (25mM HEPES, 150 mM
NaCl, 5mM EDTA, 1% Triton X-100). Fresh pro-
tease and phosphatase inhibitors (PhosSTOP,
Roche, Basel, Switzerland) were added, followed



by a 1h agitation and a 15min centrifugation
(13,000 rpm) at 4°C. The supernatant was col-
lected in a fresh tube and incubated on ice.
Protein  quantification was conducted via
a spectrophotometer using the Bradford Assay kit
(Quick StartTM Bradford Protein Assay, Bio-Rad,
California, USA). Fifty micrograms per lane of
protein was separated on a 10%/15% gradient
resolving gel, transferred to a PVDF membrane,
and the membranes were subsequently blocked
with blocking buffer (TBST with 5% milk).
Primary antibodies used were HSP70/72 monoclo-
nal mouse antibody (C92F3A-5, Enzo), HSP27
monoclonal mouse antibody (G3.1, Enzo), phos-
pho-HSP27 monoclonal rabbit antibody (Ser82,
Enzo), and f-actin mouse monoclonal antibody
(A5441, Sigma-Aldrich).

Primary antibody incubation was performed
overnight on a shaker, at 4°C. Secondary antibody
incubation was performed with mouse/rabbit
horseradish peroxidase-labeled antibodies (diluted
1:1000). Blots were developed using the chemilu-
minescent detection reagents ECL and Femto, and
tilms were exposed with an X-ray machine. The
blot was stripped and reblotted with HSP27 anti-
body due to the cross-reactivity between HSP27
and p-HSP27.

Statistical analysis

Power analysis was computed a priori to detect
a power of 0.8 at an alpha level of 0.05 using two-
tailed paired T-test (matched pairs). Sample size cal-
culation was based upon a previous study which
evaluated time-trial performance in healthy partici-
pants after an exercise-heat acclimation program [24].
Using the calculated effect size (1.1) from the mean
time-trial performance between the intervention and
control arms, a minimum sample size of n=9 was
determined (G*Power 3.1.9.4, gpower.hhu.de).
Statistical Package for Social Sciences version 22.0
(SPSS Inc., Chicago, IL) was used to compute all
data. All data were checked for normality using
a Shapiro-Wilk test. For all physiological data, two-
tailed paired Student’s t-tests were performed to test
for statistical differences between conditions. For
time-by-trial interaction effects, two-way repeated-
measures ANOVA was performed to test for
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significance between trial conditions. Where signifi-
cant interaction effects were established, pairwise
differences were identified using the Bonferroni
post-hoc analysis procedure adjusted for multiple
comparisons. The significance level was set at p <
0.05. All the values were expressed as mean + SD.
Effect size values (Cohen’s d) were displayed for the
key outcome measures compared between trials
including perceived muscle soreness, endurance
capacity, and all blood measures.

Abbreviation list

EIMD = exercise-induced muscle damage; HSPs =
heat shock proteins; eHSPs = extracellular HSPs;
CK = creatine kinase; LDH = lactate dehydrogenase;
FAM = Familiarization, HWI=hot water immer-
sion; CT = control; ER =eccentric downhill run;
ET = endurance capacity test; T, =rectal tempera-
ture; HR =heart rate; PBMC = Peripheral blood
mononuclear cells; RPE = ratings of perceived exer-
tion; RTS = ratings of thermal sensation.

Results
Hydration status

On the first day of the trial involving immersion and
ER, all participants started the trials euhydrated (292
+4 mOsmol/kg). The mean serum osmolality
remained similar post-immersion (293 +4 mOsmol/
kg; F; 9=2.96, p=0.120) and did not differ between
trials (F;, 9=0.01, p=0.907). On the second day
involving ET, all participants started the trials euhy-
drated (294+4 mOsmol/kg). The mean serum
osmolality increased after ET (299 + 5 mOsmol/kg;
Fi19=16.64, p=0.003) but did not differ between
trials (F;, o =0.13, p=0.728).

Physiological measures

During immersion, the target hyperthermic T,. and
resting T, were achieved, with a mean end T, of 39.4
+0.2°C for HWT and 36.6 + 0.3°C for CT, respectively
(Figure 2(a)). Prior to the start of the eccentric run,
their T, recovered to baseline, and participants
started with similar T,. in both trials (HWI: 37.3 +
0.4°C, CT: 37.2£0.3°C; p=0.611). During both ER
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and ET phases, T, rose steadily with fixed exercise
intensity and were similar in both trials (p =0.914, p
=0.121 respectively; Figure 2(b,c)). Mean end HR
during the immersion phase (Figure 2(d)) was
63+ 12bpm for CT trials and 110+ 13bpm for
HWTI trials. The mean HR (excluding resting HR)
was observed to be higher in HWI as compared to
CT trials during ER (145 bpm +7 bpm vs 141 bpm +7
bpm) and ET (167 bpm +6 bpm vs 164 bpm +7 bpm)
phases. There was a main effect of time on the HR
changes during both the ER (5-60 min; Fy; 110=
43.26, p < 0.001) and ET (5-30 min; Fs, 49=72.92, p
<0.001) phases. There was a main effect of trial con-
dition on the HR changes during both the ER (F; ;o=
5.25, p=0.045) and ET (F; g =9.89, p =0.014) phases
(Figure 2(e,f)). There were no time-by-trial interac-
tion effects on the HR changes during both ER
(Fi1. 110="0.63, p=0.796) and ET (Fs 4 =101, p=
0.427) phases.

Subjective ratings

During the immersion phase, mean end RPE and
TS were higher in the HWTI trials compared to CT
trials (RPE: 14 +4 units vs 6 +1 units, TS: 6+ 1

[\
o

40 40

units vs 3 £ 1 units; p <0.001). Mean end RPE and
TS were comparable between both trials during ER
(RPE: 13 £ 2 units vs 12 + 2 units, TS: 5 + 1 units vs
5+ 1 units; p>0.05) and ET (RPE: 17 + 2 units vs
17 £ 3 units, TS: 6 £ 1 units vs 6 + 1 units; p > 0.05)
phases. Perceived muscle soreness scores (normal-
ized by subtracting baseline values) assessed before
ET (HWL 13+0.5, CT: 1.4%0.5 d=0.20,
p=0.585) and 24 h after ET (HWI: 2.0 £0.5, CT:
26+0.6; d=1.09, p=0.310) were comparable
between trials.

Endurance capacity

Endurance capacity (Figure 3(a)) was similar
between trials (CT: 57.3 +11.5 min, HWI: 55.0 +
13.5min; d=0.18, p=0.564). Data of two partici-
pants were excluded due to poor compliance to
trial procedures or injury (N=9 included; data
exclusion did not influence results). No trial order
effect was observed for the endurance capacity test as
the running times to exhaustion were similar irre-
spective whether participants underwent hot water
immersion or control immersion in the first trial (1%
Trial: 55.4 + 11.7 min, 2" Trial: 56.9 + 13.4 min; d =
0.12, p =0.707).
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Figure 2. Mean rectal temperature profiles during (a) immersion, (b) eccentric run, and (c) endurance capacity test phases and mean
heart rate profiles during (d) immersion, (e) eccentric run, and (f) endurance capacity test phases. CT — control, HWI — hot water
immersion. * denotes significant difference between trials p <0.05. Solid line indicates the continuation of the phase by all
participants while dotted line indicates that one or more participants did not continue.

Note that the figure has been replaced - a horizontal error bar had a different colour for a subfigure in the previous figure file.
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Figure 3. Endurance capacity of individual participant and averaged across participants (n =9) for control and hot water immersion

trials. CT - control, HWI — hot water immersion.

CK/LDH enzyme activity

Mean CK enzyme activities in HWI trial were (1)
89 +20 units/L at baseline, (2) 74+ 19 units/L
post-immersion, (3) 208 + 38 units/L pre-ET, and
(4) 260 +46 units/L post-ET. For CT trial, the
mean CK activities were (1) 103 +21 units/L at
baseline, (2) 96 + 20 units/L before ER, (3) 235+
69 units/L pre-ET, and (4) 316 + 76 units/L post-
ET. After normalizing to CT baseline, the fold
change in CK enzyme activity (Figure 4(a)) was
higher in post-ET as compared to pre-ET in both
CT (3.6+1.0 vs 2.6 +1.0; d=1.00, p=0.002) and

Q

Tt

| 0o
z |
{in) | s

Fold Change in CK activity level
w

HWI

HWI (3.0+0.5 vs 24+0.4; d=1.33, p<0.001)
trials. In HWT trials, CK activity was higher in
pre-ET (1.0+0.3 vs 2.4+0.4; d=3.96, p=0.004)
as compared to post immersion. No differences
were observed across trials (p >0.05). For trial-
order effect, there were lower CK activities in
the second trial for post-immersion (d=3.36,
p=0.011), pre-ET (d=2.15, p=0.045) and post-
ET (d=2.29, p=0.029).

Mean LDH enzyme activities in HWT trial were
(1) 147 £+ 31 units/L at baseline, (2) 156 *+ 35 units/
L post-immersion, (3) 151 +32 units/L pre-ET,

T+

1.5

0.5

Fold Change in LDH activity level

CT HWI

| OBaseline BEPost-Immersion BPre-ET BPost-ET

Figure 4. CK and LDH activity assay. Fold change in (a) CK and (b) LDH enzyme activity at baseline, post-immersion, pre-endurance
test (pre-ET), post-endurance test (post-ET) across trials. CT — control, HWI — hot water immersion. tt and 111 denote significant

differences across timepoints p < 0.01 and p < 0.001, respectively.
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and (4) 199 + 38 units/L post-ET. For CT trial, the
mean LDH activities were (1) 151 + 30 units/L at
baseline, (2) 128 + 26 units/L before ER, (3) 149 +
29 units/L pre-ET, and (4) 206 + 40 units/L post-
ET. After normalizing to CT baseline, the fold
change in LDH activity (Figure 4(b)) was higher
in post-ET as compared to pre-ET in both CT (1.0
+0.1 vs 1.4+0.1; d=4.00, p<0.001) and HWI
(1.0£0.1 vs 1.4£0.1; d=4.00, p=0.009) trials.
No differences were observed across trials
(p>0.05). No trial order effect was observed for
LDH activity changes.

Plasma eHsps

The expression of plasma eHSP27 (Figure 5(a)) was
higher in HWI as compared to CT trials for pre-ET
(2.6£2.9 vs 1.0+ 0.6; d=0.76, p = 0.049) and post-
ET (3.9+5.6 vs24+4.0; d=0.31, p=0.015) phases.
eHSP70 (Figure 5(b)) was higher in HWI as com-
pared to CT trials for the post-immersion (1.3 £ 0.4
vs 1.1£04; d=0.50, p=0.005) and post-ET
(1.7+£ 0.9 vs 1.3+ 0.8; d = 0.47, p = 0.020) phases. No
trial order effect was observed for eHSPs changes.

Leukocytic HSPs

For the densitometry results (refer to Figure 6(a)
for individual western blot results), the leukocytic
HSP27 and HSP70 expression levels normalized to
B-actin were comparable across all phases and

Fold Change in eHSP27 quantity
S

|
| end fﬂ‘[

trials (Figure 6(b,c)). In HWI trials, the p-HSP27
(normalized to total HSP27) level was elevated
in pre-ET phase as compared to the baseline
(097+0.14 vs 0.67+0.11; d = 2.38, p=0.04;
Figure 6(d)). No trial order effect was observed
for leukocytic HSPs changes.

Discussion

In this study, participants underwent whole-body
hot water immersion prior to exercise to induce
a systemic heat shock response. It was hypothe-
sized that the released heat shock proteins reduce
the extent of EIMD caused by the eccentric run,
thereby preserving the endurance capacity on sub-
sequent exercise bout. Here, our findings demon-
strated that hot water immersion at 41°C induced
a systemic heat shock response in the participants,
as assessed from the increased HSP levels in the
blood. Plasma eHSP70 and eHSP27 levels were
elevated during post-immersion and pre-ET in
HWI trials, respectively. Leukocytic HSP27 and
HSP70 levels remained unchanged across phases
in both trials. However, there was increased phos-
phorylation of HSP27 during the pre-ET phase
after HWI.

Given that circulating leukocytes, akin to other
tissues, are similarly exposed to heat stress and cell
signals such as cytokines, they represent an acces-
sible site surrogate to skeletal muscle tissues for
determining the cellular heat shock response

b

25

1
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Fold Change in eHSP70 quantity

CT HWI

| OBaseline @Post-Immersion BPre-ET ®Post-ET

Figure 5. Extracellular HSP27 and HSP70. Fold change in (a) eHSP27 and (b) eHSP70 at baseline, post-immersion, pre-endurance test
(pre-ET), post-endurance test (post-ET) across trials. CT — control, HWI — hot water immersion. * and ** denote significant difference

between trials p < 0.05 and p < 0.01, respectively.
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Figure 6. Western blot results depicting (a) B-actin, HSP70, HSP27, and p-HSP27 bands for individual participants, and the fold
change in intracellular (b) HSP70 (normalized to B-actin), (c) HSP27 (normalized to B-actin), (d) p-HSP27 (normalized to total HSP27)
at baseline, post-immersion, pre-endurance test (pre-ET), post-endurance test (post-ET) across trials. CT — control, HWI — hot water
immersion. t denotes significant difference across timepoints p < 0.05.

[22,25]. Phosphorylated HSP27 has been proposed
to play a role in protection against muscle damage.
Phosphorylation of HSP27 signals for its translo-
cation to the Z-disks of sarcomeres with severe
muscle damage [9,26] where it helps to stabilize
the actin filaments and maintain the integrity of
cytoskeletal structure [27]. It could also promote
the protection of myosin sub-fragment from heat-
induced aggregation [28]. Therefore, the higher
levels of p-HSP27 during the pre-ET phase could
suggest a role for protection against muscle
damage. However, it was noted that HSP27 phos-
phorylation was not immediately increased after
immersion. The delayed effect could be due to the
heat-induced activation of upstream kinases such
as p38 and MAPKAP2/3 prior to the initiation of
the HSP27 phosphorylation cascade [29]. Upon

the induction of EIMD and the release of cellular
damage signals after the eccentric run, this could
have triggered a parallel response in skeletal mus-
cles (matched to leukocytic response) where there
is rapid phosphorylation of intracellular HSP27 for
its protective effects on myofibrillar structures.
For plasma HSPs, their physiological roles are
less understood, but there has been an increasing
number of studies in recent years [30-32].
Circulating HSP70 has been widely implicated in
modulation of immune and inflammatory
responses [33-35] where it orchestrates the pro-
cess of muscle repair post-exercise. Similarly,
HSP27 is shown to be immunomodulatory,
where it upregulates the release of cytokines via
NF-kB activation [36] and modifies vascular
inflammation [31]. Our study shows that plasma
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HSP27 expression was higher during the pre-ET
and post-ET period in the HWI as compared to
CT trials, while plasma HSP70 expression was
higher during post-immersion and post-ET peri-
ods in the HWI trial. The elevation in HSP27 and
HSP70 expression during the post-ET period in
the CT trial suggests that there could be passive
release of HSPs as a result of muscle damage and
cell necrosis [37]. Alternatively, these eHSPs were
actively released in response to oxidative stress
experienced in prolonged running and served as
potential systemic signaling molecules. It has been
shown that PBMCs released exosomes containing
HSP70 in response to heat stress [38]. This corre-
sponds well to the post-immersion increase in
HSP70 in the HWI trials. Importantly, this circu-
lating HSPs release could be augmented by prior
heat exposure and may be important for mediating
the recovery from EIMD. The exact roles of
plasma HSPs in exercise recovery are largely elu-
sive and should be explored in future studies.

To assess the impact of HSP expression on
muscle damage, we measured the changes in mus-
cle damage biomarkers (CK and LDH) and per-
ceived muscle soreness in this study. Plasma CK
levels were elevated by 2-4 folds during pre-ET
(albeit not significant for CT) and post-ET phases
in both trials, while LDH levels only increased by
1.5-fold during the post-ET period. This could be
due to the smaller molecular size of CK molecules,
which permits a more rapid efflux when mem-
brane integrity of muscle cells is compromised
[39], or the faster rate of clearance of LDH post-
exercise [40]. Despite a prominent elevation in
plasma HSPs and p-HSP27 levels, the increase in
CK and LDH levels or perceived muscle soreness
was comparable between trials. The absence of the
effect could be attributed to the lack of increase in
the total pool of intracellular HSP27 after HWI, or
an inadequate translocation of HSPs to exercising
muscles (not examined in this study), which
restricts ~ the  overall  protective effect.
Alternatively, this may be due to the small-to-
moderate level of muscle damage (2-4 folds)
induced by the eccentric run, which limits the
possible benefits brought about by HSP expres-
sion. Other studies have elicited greater muscle
damage (4-6 folds increase in CK) with similar

eccentric downhill run conducted at steeper gra-
dients [41-44].

Concurring with the lack of effect on muscle
damage indicators, pre-exercise hot water immer-
sion did not provide clear benefits to endurance
capacity. Notably, there was residual cardiovascu-
lar strain after the hot water immersion, where the
mean HR was observed to be higher during ER
and ET phases, as compared to control immersion.
The persistence of cardiovascular strain post-
heating has been reported in another study [45]
where higher heart rates were observed 45 min
after participants completed hot water immersion
at 39°C, when compared to thermoneutral immer-
sion. Our findings suggest that the residual strain
could extend well beyond 12 h and may offset the
ergogenic benefits, if any, from the heat shock
response induced by passive heating. In this
study, we further observed that those with poorer
performance (albeit non-significant) after hot
water immersion (n=4) were exhibiting residual
cardiovascular strain post-heating as compared to
others (Appendix Figure Al). Variations in heat
acclimation status may contribute to differences in
baseline intracellular HSP72 levels and its expres-
sion when exposed to heat stress [46,47]. Given
that HSP70 has been found to confer cardiopro-
tective benefits such as protection against ische-
mia/reperfusion injury and cardiovascular stress
[48-50], this could have modulated the level of
cardiovascular strain incurred from heating.
Therefore, individual differences in heat acclima-
tization status across participants may account for
their differential thermotolerance and cardiovas-
cular responses to whole-body heating [51].
Nonetheless, the relationship between post-
heating residual cardiovascular strain and exercise
performance remains to be further investigated.

Several limitations of this study should be
noted. Due to ethical, comfort, and performance-
related concerns, we relied on circulating leuko-
cytes as a surrogate assessment site and did not
obtain muscle biopsy samples to determine the
cellular heat shock response directly within the
skeletal muscles. Secondly, the rest period of 6 h
prior to the downhill run in our study may not
induce a peak HSP protective response as other
studies have utilized different interval durations



(e.g. no delay, 30 min, 24 h) between heat applica-
tion and eccentric exercise [11-13,16]. Future
work should explore the ideal interval duration
for full mounting of heat shock response with
translocation of HSPs to cytoskeletal structures
post-heating. Lastly, only male participants were
recruited in this study and thus it is pertinent to
consider that there are known sex differences in
thermal  sensitivity = and  thermoregulatory
responses [52,53] which may modulate the out-
come of the pre-exercise heating strategy.

Conclusion

In conclusion, our findings suggested that despite
the increased expression of plasma eHSPs and
leukocytic p-HSP27, pre-exercise passive heating
using 41°C hot water immersion did not provide
clear benefits to endurance capacity. This could be
likely due to the residual cardiovascular strain
incurred after immersion, which could be contrib-
uted by the inter-individual differences in thermo-
tolerance. Our current work also showed that the
pre-heating strategy did not successfully attenuate
EIMD in humans, which contrasts with the find-
ings from mice studies. Future studies may explore
its applicability toward more intensive and poten-
tially damaging exercises such as those involved in
competitive and ultra-endurance events.
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