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Abstract

Background: The aims of this study were to describe the cellular stress response to prolonged endurance exercise
in acute heat, hypoxia and the combination of heat and hypoxia and to determine whether prior acute exposure to
these stressors improved cellular tolerance to a subsequent exercise bout in hypoxia 24 h later.

Methods: Twelve males (age 22 ± 4 years, height 1.77 ± 0.05 m, mass 79 ± 12.9 kg, VO2 max 3.57 ± 0.7 L · min−1)
completed four trials (30-min rest, 90-min cycling at 50% normoxic VO2 max) in normothermic normoxia (NORM; 18°C,
FIO2 = 0.21), heat (HEAT; 40°C, 20% RH), hypoxia (HYP; FIO2 = 0.14) or a combination of heat and hypoxia (COM; 40°C,
20% RH, FIO2 = 0.14) separated by at least 7 days. Twenty-four hours after each trial, participants completed a hypoxic
stress test (HST; 15-min rest, 60-min cycling at 50% normoxic VO2 max, FIO2 = 0.14). Monocyte heat shock protein 72
(mHSP72) was assessed immediately before and after each exercise bout.

Results: mHSP72 increased post exercise in NORM (107% ± 5.5%, p > 0.05), HYP (126% ± 16%, p < 0.01), HEAT
(153% ± 14%, p < 0.01) and COM (161% ± 32%, p < 0.01). mHSP72 had returned to near-resting values 24 h after
NORM (97% ± 8.6%) but was elevated after HEAT (130% ± 19%), HYP (118% ± 17%) and COM (131% ± 19%) (p < 0.05).
mHSP72 increased from baseline after HSTNORM (118% ± 12%, p < 0.05), but did not increase further in HSTHEAT, HSTHYP
and HSTCOM.

Conclusions: The prior induction of mHSP72 as a result of COM, HEAT and HYP attenuated further mHSP72 induction
after HST and was indicative of conferred cellular tolerance.
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Background
The acute physiological and biochemical responses to the
environmental stressors of heat and hypoxia are well char-
acterized when viewed in isolation [1-3], yet in reality
stressors can be and are often experienced in combination.
However, few studies have examined the physiological and
biochemical effects of such stressors combined [4].
Acute heat and hypoxic exposures at rest and during ex-

ercise produce similar physiological, metabolic and cellular
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responses [1,3,5]. For example, heart rate and minute ven-
tilation are elevated in comparison to the same absolute
workload under temperate and normoxic conditions. Dis-
turbances to redox balance, seen in response to both heat
and hypoxia [6,7] and augmented by exercise, are potent
stimuli for increases in heat shock protein concentrations,
specifically heat shock protein 72 (HSP72), in humans [8].
This shared and transient response facilitates adaptation to
chronic stress (acclimation) and potential cross-tolerance
to subsequent diverse stressors [9,10]. In the relative short
term, the heat shock response (HSR) can confer tolerance
to future exposure to a stressor(s); this is termed precondi-
tioning [11]. Preconditioning documented 1 h after stress
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insult has been termed “classical preconditioning” and that
1–2 days after stress insult, the “second window of protec-
tion” (SWOP) [10]. For example, prior exposure to a
preconditioning heat stress is known to confer survival
to an otherwise lethal heat shock in cell lines [12] and
in both tissue-specific and whole-body models in ro-
dents [13]. In humans, preconditioning may block pro-
inflammatory cytokine pathways or alter cellular cytokine
tolerance [14]. The HSR modulates cytokine signal trans-
duction and gene expression by inhibiting translocation of
nuclear factor-kappa B (NF-κB) to the nucleus, thus pre-
venting the activation of the inflammatory cascade and in-
creases in tumour necrosis factor alpha (TNF-α) and
interleukin-6 (IL-6) (for review, see [14]). Furthermore, in-
creased expression of heat shock factor 1 (HSF-1) in-
creases the expression of anti-inflammatory interleukin-10
(IL-10) [15]. Human studies using acute exercise or heat
acclimation protocols to increase HSP72 have failed to
alter cytokine levels in ex vivo heat- or lipopolysaccharide
(LPS)-treated cells [11].
Physiological strain drives the adaptive process [16]; thus,

determining the magnitude of strain induced by defined
levels of heat and hypoxia could potentially inform both
training strategies and be used as an adjunct in maintaining
and/or aiding the recovery of function from injury. For ex-
ample, athletes recovering from injury may need to reduce
mechanical loading but as a consequence reduce systemic
physiological strain limiting the aerobic training stimulus
[17]. The additional imposition of either heat or hypoxia
would allow physiological strain to be maintained or in-
creased during rehabilitation/recovery. Furthermore, the
characterization of heat and hypoxic responses could also
play a role in optimizing the management of movements
of individuals or groups (e.g. military personnel) between
different environmental settings. For example, individuals
who are physiologically adapted to heat may tolerate mod-
erately hypoxic environments better than non-acclimated
individuals [18].
To date, no research has compared the physiological,

HSP72, and cytokine responses to exercise performed at
an absolute work intensity in both heat and hypoxia and
the combination thereof. Neither has the impact of this
prior exposure on subsequent tolerance to hypoxic exer-
cise been investigated.
Therefore, the first aim of this study was to compare

the magnitude of physiological and cellular HSP72 and
pro/anti-inflammatory cytokine responses to individual
and combined exposures to heat and hypoxia during
prolonged moderate intensity exercise in young, moder-
ately fit, non-cycle-trained adult males. It was hypothe-
sized that the combination of heat and hypoxia would
increase physiological and cellular strain when compared
to the individual stressors alone and that greater physio-
logical strain would produce an enhanced heat shock
response. The second aim was to determine how the
prior exposure to heat and hypoxia alone or in combin-
ation would impact upon the physiological and cellular
responses to a subsequent hypoxic exposure, 24 h after
this initial exercise bout. It was hypothesized that indu-
cing the greatest levels of physiological strain and heat
shock response after the initial exposure would enhance
physiological and cellular tolerance to hypoxia 24 h later
in the participant population studied.

Methods
Participants
Twelve healthy male participants (mean ± standard de-
viation: age 22 ± 4 years, height 1.77 ± 0.05 m, mass
79.0 ± 12.9 kg, estimated body fat 13.7% ± 4.3%, nor-
moxic peak oxygen uptake (VO2 peak) 3.57 ± 0.70 L ·
min−1) volunteered and provided their informed con-
sent to take part in this study, which was given ethical
approval by Coventry University Ethics Committee.
Participants attended the laboratory on nine separate
occasions. The initial visit involved preliminary tests
for resting haemoglobin (Hb) concentration and an-
thropometry to estimate body fat [19] followed by the
assessment of lactate threshold and VO2 peak.
Peak oxygen consumption was determined using an in-

cremental exercise test to volitional exhaustion on a cycle
ergometer (Monark Ergomedic 874E, Monark Exercise
AB, Vansbro, Sweden) whilst breathing room air. The test
began at a workload of 70 W for 4 min and was then in-
creased by 35 W every 4 min until a fingertip capillary
blood lactate (Biosen C-Line Analyser, EKF Diagnostics,
Barleben, Germany) value of >4 mmol · L−1 was reached.
Thereafter, workload increased 35 W every 2 min until vol-
itional exhaustion. A cadence of 70 rev · min−1 was main-
tained throughout. Expired gas was collected into 200-L
Douglas bags during the last minute of every stage and
subsequently analysed to determine CO2 and O2 content,
using a Servomex infrared and paramagnetic gas analyzer
(model 1400, Servomex, Crowthorne, UK), respectively,
and gas volume, via a Harvard dry gas meter (Cranlea and
Company, Birmingham, UK). VO2 peak was considered to
be achieved if two of the following criteria were met: (i) a
respiratory exchange ratio of >1.1, (ii) a heart rate greater
than 95% of age predicted maximum (220 − age) and (iii) a
final blood lactate value in excess of 8 mmol · L−1. This
protocol has shown a CV of <1.5% for oxygen consump-
tion in our laboratory.

Experimental protocol
Participants were exposed to four experimental trials, nor-
mothermic normoxia (NORM; 20°C, 40% RH), heat
(HEAT; 40°C, 20% RH), hypoxia (HYP; FIO2 ≈ 0.14, equiva-
lent to ≈ 3,000 m, 20°C, 40% RH) and heat and hypoxia
combined (COM; FIO2 ≈ 0.14, 40°C, 20% RH) using a
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randomized block design. An FIO2 of 0.14 (equivalent to ≈
3,000 m above sea level) and a temperature of 40°C were
chosen as they are reasonably close to acute habitable
limits for non-acclimatized individuals and are often expe-
rienced in isolation on sojourns by athletic populations, ad-
venture tourists and the military. Within each trial,
participants sat for 30 min followed by 90 min of submaxi-
mal cycling exercise at 50% normoxic VO2 peak. Pilot work
demonstrated that this absolute workload remained below
lactate threshold in HEAT, HYP and COM for the 90-min
duration [20]. Twenty-four hours after each trial, partici-
pants undertook a further 60 min of cycling at an intensity
corresponding to 50% normoxic VO2 peak following
15 min seated rest under normothermic hypoxic condi-
tions (FIO2 0.14 ± 0.001). This was termed the hypoxic
stress test (HST) and was conducted to determine whether
prior acute exposure to each condition had conferred
any detectable preconditioning effect (the HST trials
24 h after NORM, HEAT, HYP and COM are referred to as
HSTNORM, HSTHEAT, HSTHYP and HSTCOM, respectively).
On each laboratory visit, participants provided a

urine sample for the assessment of urine specific gravity
(USG; visual refractometer, Index Instruments, Cambridge,
Cambridgeshire, UK) and osmolality (Osmocheck, Vitech
Scientific, Partridge Green, West Sussex, UK), weighed
themselves nude to ±0.1 kg and inserted a rectal therm-
ometer (Grant Instruments, Royston, UK) 10 cm past
the anal sphincter. A heart rate monitor (Suunto t6c,
Suunto, Vantaa, Finland) was fitted around the chest.
Arterial Hb oxygen saturation (SpO2) was monitored
throughout and recorded during respiratory gas collec-
tions using a finger-clip pulse oximeter (3100 WristOx,
Nonin Medical, Inc., Plymouth, MN, USA). The sensor
has a reported accuracy of ±2 digits (manufacturer’s guide).
Whilst seated, skin thermistors (Grant Instruments) were
attached, using micro-pore tape, to the upper arm, upper
thigh, chest and calf to allow continuous monitoring of
mean skin and body temperature [21].
During all trials and subsequent HSTs, participants

breathed through a mouthpiece and 30-mm-diameter con-
nector (Harvard Ltd, Edenbridge, UK) attached to a two-
way non-rebreathable valve (Harvard Ltd, Edenbridge,
UK). Ethylene clear vinyl tubing was used to connect the
inspiratory side of the valve to a series of 1,000-L Douglas
bags filled with hypoxic gas generated by an oxygen fil-
tration device (Hypoxico HYP-123 hypoxicator, New
York, NY, USA). During normoxic trials, the valve was
left open to the ambient air. Expired gas was collected
into 200-L Douglas bags for 60 s every 10 min. After
each expired gas collection, participants reported over-
all rating of perceived exertion (RPE) and thermal sen-
sation (TS). Cardiac output (CO), stroke volume (SV)
and a‐�vO2 difference were estimated according to the
equation of Stringer et al. [22]. The physiological strain
index (PSI) was calculated using heart rate and rectal
temperature and is reported on a scale of 0 (no strain)
to 10 (very high strain) as described by Moran et al. [23].
Resting venous blood samples were collected from

an antecubital vein into potassium EDTA vacutainers
(VACUETTE®, Greiner Bio-One, Stonehouse, UK) for
the assessment of monocyte heat shock protein 72
(mHSP72), TNF-α, IL-6 and IL-10 following a 15-min
seated rest period in normothermic normoxia. Post ex-
ercise, samples were collected immediately upon cessa-
tion of exercise with participants still seated on the
ergometer and exposed to the specific conditions of the
trial. Measurements of Hb and haematocrit were made
to determine plasma volume according to the methods
of Dill and Costill [24]. Details of the experimental
method and timings of measurements throughout this
investigation can be seen in Figure 1.

Inflammatory/anti-inflammatory cytokines
Plasma TNF-α, IL-10 and IL-6 were determined inde-
pendently using enzyme-linked immunosorbent assays
(ELISA MAX, BioLegend, London, UK) with a sensitivity
of 2, 2 and 4 pg · mL−1, respectively. Data were corrected
for any changes in plasma volume.

Flow cytometry analysis of monocyte heat stress protein
72
Measurement of mHSP72 has been detailed elsewhere
[7,10,25]. Briefly, cells obtained after red cell lysis were
fixed and permeabilized (AbD Serotec, Oxford, UK), and
an isotype-matched negative control (FITC, AbD Serotec)
or anti-HSP72 antibody (SPA-810, Assay Designs, Enzo
Life Sciences, Inc., Farmingdale, NY, USA) was added to
the same final concentration and then incubated for
30 min in the dark. Samples were then analysed by flow
cytometry (BD FACSCalibur, BD Biosciences, San Jose,
CA, USA) with monocytes gated by forward/side scatter
properties and further discriminated by CD14 expression.
Mean fluorescence intensity (MFI) was then calculated
using CellQuest software (BD Biosciences) with a total of
15,000 cells counted. Results are presented as the ratio of
MFI gained with the anti-HSP72 antibody to that obtained
with the isotype-matched negative control and as percent-
age change from the resting value obtained at the begin-
ning of each trial [26].

Statistical analysis
All statistical analyses were performed using SPSS, version
20 (IBM, Armonk, NY, USA). Data were checked for nor-
mal distribution prior to analysis. Sphericity was checked
with Mauchly’s sphericity test, and when necessary, the
Huynh-Feltd method was applied to the F-ratio to correct
for sphericity violations. All data are presented as mean ±
SD for n = 12, with statistical significance set at P < 0.05.
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Figure 1 Experimental schematic. Experimental design and data collection timings during the initial environmental exposure and the
subsequent hypoxic stress test 24 h later.
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Initial environmental exposure and hypoxic stress test
Two-way repeated measures ANOVAs (condition by time)
were performed to determine differences between envir-
onmental conditions both throughout rest and during
exercise. Resting data were analysed separately from exer-
cise data. Exercise data were comprised of measurements
made at 10, 20, 30 and 40 min, and the final value was
recorded upon cessation of exercise for each participant
(five time points) for the initial environmental exposure
and the HST. Data were further explored for the HST trial
by comparing the percentage change in physiological data
collected during HSTNORM with all other experimental
HSTs via two-way repeated measures ANOVAs (condition
by time). Alterations in mHSP72, plasma TNF-α, plasma
IL-6, and plasma IL-10 were analysed via a two-way re-
peated measures ANOVA. mHSP72 was analysed as a per-
centage change from each trial’s initial baseline value
obtained on day 1 [10]. All main effects were explored
using Tukey’s HSD test. Effect sizes were calculated for
mean exercising HST data using Cohen’s D, with the
NORM condition acting as the control condition.
Results
Hydration state
All participants were euhydrated prior to the start of each
experimental trial, with USG < 1.020 and Uosmo < 300 mOs-
mol/kg. Nude body mass did not vary prior to any experi-
mental condition on day 1 (NORM 79.2 ± 13.8 kg, HEAT
79.2 ± 12.8 kg, HYP 79.3 ± 13.8 kg, COM 79.3 ± 13.1 kg).
Cardiorespiratory responses at rest
The only physiological variables altered by the resting
environmental exposures were heart rate, SpO2, respira-
tory exchange ratio (RER), Tskin and Tbody. All resting
cardiovascular, respiratory and thermoregulatory data is
presented in Tables 1 and 2.

Exercise performance
Participants completed all trials at a workload of 146 ±
19 W. Of the 12 participants, 2 completed the 90-min exer-
cise bout in all trials and 4 participants failed to complete
the 90-min bout in any of the environmental conditions.
Time to exhaustion was significantly reduced in COM (73 ±
19 min, p = 0.01), HYP (81 ± 13 min, p= 0.04) and HEAT
(78 ± 12 min, p= 0.005) compared to NORM where all
but one subject completed the full 90 min of exercise
(89 ± 3 min) (Figure 2).
Times to cessation of exercise for the four participants

that were unable to complete any of the environmental
stressor trials were HEAT 70 ± 8.1, HYP 67.5 ± 12.6 and
COM 52.5 ± 9.6 min. These four participants had a rela-
tively low level of aerobic fitness (35–40 mL · kg · min−1).
A trend was observed between total time completed
during all four trials and relative aerobic capacity for all
12 participants (r = 0.55, p = 0.06). A further three partic-
ipants failed to complete HEAT despite finishing the
COM trial (60, 70 and 82 min), and one participant
failed to complete HYP (72 min) despite completing
COM. When participants were separated into trained
(>50 mL · kg · min−1, 55.8 ± 5.5 mL · kg · min−1; n = 6)
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Table 1 Resting cardiovascular and metabolic responses to acute physiological stressors

Baseline 15 min 30 min 15 min 30 min

Heart rate (beats · min−1) VO2 (L · min−1 STPD)

Normoxia 69 ± 10 65 ± 10 64 ± 10 Normoxia 0.32 ± 0.08 0.30 ± 0.07

Heat 71 ± 14 73 ± 12* 75 ± 13* Heat 0.31 ± 0.07 0.32 ± 0.10

Hypoxia 63 ± 9 69 ± 7 74 ± 8 Hypoxia 0.33 ± 0.06 0.35 ± 0.07

Combined 68 ± 9 80 ± 12* 82 ± 10* Combined 0.34 ± 0.07 0.33 ± 0.08

SpO2 (%) Cardiac output (L · min−1 STPD)

Normoxia 98 ± 1 97 ± 1 97 ± 2 Normoxia 5.6 ± 1.3 5.4 ± 0.8

Heat 98 ± 1 97 ± 1 97 ± 1 Heat 5.6 ± 1.0 5.9 ± 1.6

Hypoxia 98 ± 1 90 ± 2* 89 ± 3* Hypoxia 5.4 ± 1.1 5.7 ± 1.0

Combined 97 ± 1 91 ± 2* 89 ± 3* Combined 5.5 ± 1.3 5.7 ± 1.6

VE (L · min−1 BTPS) Stroke volume (mL · beat−1)

Normoxia - 13.8 ± 4.4 13.3 ± 2.8 Normoxia 87 ± 18 86 ± 13

Heat - 13.8 ± 3.7 14.4 ± 4.7 Heat 78 ± 12 79 ± 24

Hypoxia - 15.0 ± 4.3* 14.5 ± 3.6 Hypoxia 80 ± 18 78 ± 19

Combined - 13.7 ± 2.9 13.1 ± 2.8 Combined 70 ± 15 68 ± 16

VE (L · min−1 STPD) a‐�vO2 difference (mL · L−1)

Normoxia - 11.3 ± 3.6 10.8 ± 2.2 Normoxia 6.8 ± 0.5 6.8 ± 0.2

Heat - 11.3 ± 3.0 11.7 ± 3.8 Heat 6.9 ± 0.2 6.9 ± 0.3

Hypoxia - 12.7 ± 4.8 12.7 ± 3.9 Hypoxia 6.8 ± 0.3 6.9 ± 0.4

Combined - 11.5 ± 2.7 11.0 ± 2.7 Combined 6.8 ± 0.2 6.9 ± 0.3

VO2 (L · min−1 STPD) RER

Normoxia - 0.39 ± 0.11 0.37 ± 0.06 Normoxia 0.83 ± 0.07 0.82 ± 0.15

Heat - 0.39 ± 0.07 0.41 ± 0.12 Heat 0.79 ± 0.10 0.79 ± 0.10

Hypoxia - 0.37 ± 0.08 0.39 ± 0.08 Hypoxia 0.90 ± 0.09* 0.88 ± 0.07*

Combined - 0.38 ± 0.10 0.39 ± 0.13 Combined 0.89 ± 0.08 0.85 ± 0.09

*p < 0.05 compared to the corresponding time point in the normoxic condition.
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and untrained (<40 mL · kg · min−1, 38 ± 2.4 mL · kg · min−1;
n = 6), the effects of aerobic fitness become more apparent.
The trained group completed 90 ± 0, 80 ± 12, 90 ± 0 and
87 ± 8 min of exercise in NORM, HEAT, HYP and COM,
respectively, whereas the untrained group completed 88 ±
4, 77 ± 12, 72 ± 13 and 60 ± 16 min of exercise in NORM,
HEAT, HYP and COM, respectively. Pearson correlations,
adjusted for multiple comparisons, revealed that maximal
aerobic capacity was positively related to performance time
in the HYP (r = 0.699, p = 0.01) and COM (r = 0.598, p =
0.04) conditions, but no such relationship existed for
HEAT (r = −0.027, p = 0.933). Table 2 shows all physio-
logical values upon termination of exercise in each condi-
tion. At the end of exercise, the percentage of normoxic
VO2 peak was 57% ± 14%, 60% ± 9%, 59% ± 15% and
57% ± 11% in NORM, HEAT, HYP and COM, respectively.

Cardiorespiratory responses to exercise
Heart rate varied between conditions throughout exer-
cise and was lowest in NORM (p < 0.01 vs. HEAT, HYP
and COM) and tended to be greatest in COM (p < 0.05
vs. HYP). HR did not vary between HEAT and HYP until
termination of exercise, where HR was higher in HEAT (p
< 0.05) and COM (p < 0.01) compared with HYP (Figure 3).
During exercise, SpO2 was lower at each time point in HYP
and COM compared to NORM and HEAT (p < 0.01).
Upon termination of exercise, SpO2 was lower in HYP and
COM compared to NORM and HEAT (p < 0.01; Table 3).
No difference between HYP and COM was found at any
time point (Figure 3).
No main effect for condition was found for oxygen

consumption (p = 0.88) or carbon dioxide production
(p = 0.21). RER was higher in HYP compared to NORM
(p < 0.01) and HEAT (p < 0.01). RER was higher at the
end of exercise in HYP and COM compared to NORM
and HEAT (p < 0.05). VE BTPS was higher in HYP and
COM compared to NORM (p < 0.001). There was a
trend for VE BTPS to be higher in COM compared to
HEAT (p = 0.06). VE BTPS was higher at the end of exer-
cise in HYP and COM compared to NORM (p < 0.01),
but not significantly higher compared to HEAT (p >
0.05) (Table 3).
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Table 2 Resting thermoregulatory measurements

Baseline 15 min 30 min

Core temperature (°C)

Normoxia 37.2 ± 0.3 37.2 ± 0.2 37.2 ± 0.2

Heat 37.2 ± 0.3 37.2 ± 0.4 37.3 ± 0.3

Hypoxia 37.3 ± 0.3 37.2 ± 0.2 37.1 ± 0.2

Combined 37.3 ± 0.3 37.3 ± 0.3 37.3 ± 0.3

Mean skin temperature (°C)

Normoxia 31.1 ± 0.6 31.2 ± 0.9 31.2 ± 0.8

Heat 32.2 ± 0.7 34.9 ± 0.5* 34.9 ± 0.5*

Hypoxia 31.0 ± 1.0 31.2 ± 0.9 31.1 ± 1.0

Mean body
temperature (°C)

31.6 ± 0.7 34.3 ± 1.1* 34.5 ± 1.1*

Normoxia 35.9 ± 0.2 35.9 ± 0.2 35.9 ± 0.2

Heat 36.1 ± 0.3 36.7 ± 0.3* 36.8 ± 0.2*

Hypoxia 36.1 ± 0.2 36.1 ± 0.2 35.9 ± 0.3

Combined 36.1 ± 0.2 36.7 ± 0.3* 36.7 ± 0.3*

*p < 0.05 compared to NORM and HYP at the corresponding time point.
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Thermoregulatory responses and physiological strain
index
Tcore increased throughout exercise and was elevated upon
exercise termination in all trials (p < 0.001). Tcore was
greater at each time point in HEAT and COM compared
to NORM and HYP (p < 0.001; Figure 4). During NORM
and HYP,Tcore rose during the initial 20 min of exercise be-
fore reaching a plateau at 30 min. A similar response was
observed for mean skin temperature, which was higher at
each time point, and upon exercise termination in HEAT
and COM compared to NORM and HYP (p = 0.006;
Figure 4).
Mean body temperature was higher at each time

point throughout exercise and upon the cessation of
exercise in HEAT and COM compared to NORM and
HYP (p < 0.001). Physiological strain was higher through-
out exercise in HEAT, HYP and COM compared to
NORM (p < 0.05) and all higher than NORM upon exer-
cise termination (p < 0.01). Compared to HYP, PSI was
higher throughout exercise in the COM trial (p < 0.01)
and higher during the HEAT trial from 30 min through to
exercise termination (p < 0.01) (Figure 4). Sweat rates and
percent change in body mass were higher during HEAT
and COM compared to NORM and HYP (p < 0.001).
Plasma volume did not vary at rest (p = 0.169) or post ex-
ercise (p = 0.147) between trials (Table 3).
Ratings of perceived exertion and thermal comfort
RPE increased in a linear fashion throughout all of the
trials and was higher throughout exercise in COM com-
pared to NORM and HYP at 10 and 20 min (p < 0.05).
RPE was significantly higher at the end of exercise in all
experimental conditions compared to NORM (p < 0.01,
Table 3); however, no difference was found between the
other environmental stressors upon exercise termination
(p > 0.05). Thermal sensation was higher at all time points
in HEAT, HYP and COM compared to NORM (p < 0.01;
Table 3). Upon exercise termination, thermal sensation
was significantly higher in HEAT (p < 0.01), HYP (p <
0.05) and COM (p < 0.01) compared to NORM and higher
in HEAT and COM compared to HYP (p < 0.01).

Monocyte HSP72 responses to acute environmental
exposure
There was no difference in resting mHSP72 prior to expos-
ure to any experimental conditions (p > 0.05). mHSP72 in-
creased post exercise in HYP (126% ± 16%), HEAT (153%
± 14%) and COM (161% ± 32%) (p < 0.001), but not NORM
(107% ± 5.5%, p > 0.05). Post exercise values were higher
following HEAT and COM compared to HYP (p < 0.01).
Post exercise mHSP72 did not vary between HEAT and
COM. Post exercise mHSP72 was not related to final core
temperature in NORM (r = −0.214, p = 0.505) and HEAT
(r = 0.199, p = 0.536), whereas a relationship between final
core temperature and mHSP72 was observed in HYP (r =
0.562, p = 0.057) and COM (r = 0.539, p = 0.071).

Plasma pro/anti-inflammatory cytokines
Resting TNF-α, IL-10 and IL-6 did not vary between con-
ditions (p > 0.05; Figure 5). Plasma TNF-α was elevated
after exercise (p = 0.025) and did not vary between condi-
tions (p = 0.43). Plasma IL-6 was increased as a result of
exercise in all trials (p < 0.01). HEAT, HYP and COM each
produced greater elevations in IL-6 compared to NORM,
with post exercise concentrations in IL-6 higher in HEAT
and COM compared to HYP (p < 0.001). Plasma IL-10 in-
creased post exercise in all conditions, with the magnitude
of increase being greater following exercise in HEAT, HYP
and COM compared to NORM (p < 0.001).

Post-24-h HST responses
Exercise times for the HST were not different between tri-
als. Only one participant was unable to complete the full
60-min exercise in each trial. Participant 6 completed 46,
48 and 46 min of exercise in HSTNORM, HSTHEAT and
HSTHYP, respectively. Results were therefore analysed using
pairwise comparisons up to 40 min, with the final values ob-
tained at the end of each test also included in the analysis.

Cardiorespiratory responses to the HST
The previous days exposure had no effect on any resting
variable (p > 0.05). Exercising HR had a tendency to be
lower in HSTCOM and HSTHEAT compared to HSTNORM.
HR was ≈ 4 and 5 beats · min−1 lower at the end of exer-
cise in HSTHEAT and HSTCOM compared to HSTNORM

and HSTHYP, respectively (p = 0.08; Figure 6). Small
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Figure 2 Exercise times to exhaustion during each condition.
The top panel displays exercise times until exhaustion during the four
experimental trials. Data show the first, second (median) and third
interquartile ranges (coloured boxes) and shortest achieved time in each
condition. a = significantly different from NORM (p < 0.01). The bottom
panel displays the participant dropout during each condition. The
arrow denotes the point at which pairwise comparisons were made for
statistical analysis between the 12 participants.
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effect sizes were observed for both HSTHEAT (d = −0.23)
and HSTCOM (d = −0.41), but not HYP (d = 0.09). SpO2

during rest, exercise and at the end of exercise was also
similar between trials (p > 0.05; Figure 6). VE (BTPS and
STPD), VO2, VCO2 and RER did not vary between trials
during exercise or at completion of the HST (p > 0.05).
Table 4 shows the end point data for each HST.

Thermoregulatory responses to the HST
Resting core, skin and body temperatures were un-
affected by the previous days exposure (p > 0.05). During
exercise, core temperature had a tendency to be lower in
the HSTHEAT and HSTCOM compared to HSTNORM and
HSTHYP (p < 0.05; Figure 6), with medium negative effect
sizes in HSTHEAT (d = −0.63) and HSTCOM (d = −0.69)
and a small positive effect size in HSTHYP (d = 0.26).
Mean skin and body temperatures were not different
during the exercise period or upon termination of exer-
cise between trials (p > 0.05). Plasma volume was signifi-
cantly increased from day 1 to day 2 in all trials (p = 0.004),
though no differences were found between experimental
conditions (p = 0.234). Post exercise changes in plasma
volume did not vary between the experimental condi-
tions (p = 0.430) (Table 4).

Physiological strain index
Physiological strain had a tendency to be lower through-
out HSTHEAT and HSTCOM compared with HSTNORM

and HSTHYP (p = 0.07; Figure 6). When compared to the
HSTNORM, PSI was ≈ 15% lower throughout HSTHEAT

and ≈ 11% lower throughout HSTCOM, with PSI upon the
end of exercise being 10% and 11% lower in these trials,
respectively, compared to HSTNORM. HSTHYP had a nom-
inal effect on PSI 24 h later (Figure 6, bottom right panel).
PSI during the HSTHEAT and HSTCOM trials was ≈ 10%
lower than that during the HSTHYP trial. This observation
was not statistically significant (p = 0.116), though a
medium effect size was observed in HSTHEAT (d = −0.56)
and HSTCOM (d = −0.71) but not in HSTHYP (d = 0.09).

Ratings of perceived exertion and thermal sensation
Ratings of perceived exertion were not affected by the pre-
ceding environmental stressor (p = 0.41). Thermal sensa-
tion was found to be higher at rest during HSTHEAT (p =
0.01) and HSTHYP (p = 0.05), but not different in HSTCOM

(p = 0.191) compared to HSTNORM. At the end of exercise,
TS was lower in all experimental conditions compared to
HSTNORM (p < 0.05) (Table 4).

Monocyte HSP72 responses to HST
mHSP72 had returned to near-baseline values in HSTNORM

(97%± 9%) but were elevated from baseline in HSTHEAT

(130% ± 19%), HSTHYP (118% ± 17%) and HSTCOM (131%±
19%) (p < 0.01; Figure 5). mHSP72 was increased from
pre-HST to post-HST in HSTNORM (118% ± 12%; p < 0.05).
This did not occur in any other experimental condition
(p > 0.05). Large effect sizes were observed for percent-
age change in post-HST mHSP72 for HSTHEAT (d = −1.54),
HSTHYP (d = 1.42) and HSTCOM (d = 1.65) when compared
with post exercise data in HSTNORM.

Plasma pro/anti-inflammatory cytokine responses to the HST
TNF-α remained unchanged 24 h after the initial environ-
mental exposure in all conditions (p > 0.05; Figure 5).
Plasma IL-10 had returned to near-resting values prior to
each of the HST (p > 0.05; Figure 5). Post-HST, IL-10 was
increased in relation to day 1 baseline values in each con-
dition except HSTCOM (p > 0.05; Figure 5). In relation
to the pre-HST sample, IL-10 was elevated post exer-
cise in HSTHYP (p < 0.05). IL-6 remained elevated 24 h
later in all trials compared with initial baseline values
(p < 0.01; Figure 5), with pre-HSTHEAT, pre-HSTHYP

and pre-HSTCOM values all higher than pre-HSTNORM

(p < 0.01). Pre-HSTHEAT and pre-HSTCOM were higher
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Figure 3 Heart rate and SpO2 responses to acute rest and exercise under heat or hypoxic stress. The top panel shows the heart rate
response during each trial; the bottom panel shows the SpO2 response during each trial. a = HEAT, HYP and COM different from to NORM (p < 0.05),
b = COM different from HYP (p < 0.05), c = HEAT different from HYP (p < 0.05), d = COM different from NORM (p < 0.05), e = HYP and COM different
from NORM and HEAT (p < 0.01).
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than pre-HSTHYP (p < 0.01). Post-HST, IL-6 was in-
creased in all trials (p < 0.01). The greatest post exercise in-
crease occurred in HSTHEAT, whereby IL-6 concentrations
were higher than all other post-HST values (p < 0.01). In
comparison with post exercise values following NORM,
HEAT, HYP and COM, IL-6 was higher in HSTNORM

(p < 0.01), reduced in HSTHEAT and HSTCOM (p < 0.01)
and not different post-HYP and post-HSTHYP (p > 0.05).

Discussion
The major findings of this study were that at the levels
used to expose participants within this investigation,
HEAT induced a greater magnitude of physiological and
cellular strain than HYP. The combination of HEAT and
HYP induced greater physiological strain than HEAT or
HYP alone, supporting the first experimental hypothesis,
although post exercise mHSP72 expression was similar
between HEAT and COM. A prior acute exposure to
HEAT or COM increased basal mHSP72, reduced exer-
cising HR during fixed work hypoxic exercise 24 h later
and attenuated the post exercise mHSP72 expression,
supporting the second experimental hypothesis. A prior
acute exercise bout in hypoxia did not affect hypoxic tol-
erance 24 h later. On balance, the results suggest that
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Table 3 Cardiovascular, metabolic, thermoregulatory and subjective data upon termination of exercise across
experimental conditions

Normoxia Heat Hypoxia Combined

Cardiovascular

HR (beats · min−1) 138 ± 17 168 ± 15*,** 156 ± 13* 174 ± 5*,**

SpO2 (%) 96 ± 2 95 ± 1 83 ± 1*,*** 83 ± 1*,***

Cardiac output (L · min−1) 16.9 ± 2.5 17.6 ± 2.8 17.3 ± 2.5 17.4 ± 3.2

Stroke volume (mL · beat−1) 126 ± 33 106 ± 18 112 ± 23 101 ± 16

a‐�vO2 difference 10.95 ± 2 11.96 ± 1 11.97 ± 1.5 11.7 ± 1.2

Plasma volume change (%) −2.0 ± 5.8 −3.2 ± 10 −1.7 ± 7.3 −2.4 ± 5.4

Metabolic

VO2 (L · min−1) 1.98 ± 0.37 2.09 ± 0.33 2.06 ± 0.42 2.02 ± 0.49

VCO2 (L · min−1) 1.71 ± 0.34 1.80 ± 0.29 1.91 ± 0.36 1.83 ± 0.35

RER 0.87 ± 0.09 0.86 ± 0.06 0.93 ± 0.07*,*** 0.92 ± 0.09*,***

VE STPD (L · min−1) 40.5 ± 5.90 46.4 ± 9.30* 53.0 ± 12.2* 52.2 ± 10.70*

VE BTPS (L · min−1) 49.6 ± 7.30 56.9 ± 11.8* 63.3 ± 14.1* 62.1 ± 9.90*

Thermoregulatory

Tcore (°C) 37.8 ± 0.3 38.7 ± 0.5*,** 38.0 ± 0.3 38.6 ± 0.4*,**

Tskin (°C) 31.4 ± 2.0 36.2 ± 0.9*,** 32.1 ± 1.3 35.8 ± 1.0*,**

Tbody (°C) 36.5 ± 0.6 38.1 ± 0.4*,** 36.9 ± 0.3 38.1 ± 0.4*,**

Sweat rate (L · min−1) 0.48 ± 0.2 1.05 ± 0.2*,** 0.46 ± 0.2 0.91 ± 0.2*,**

PSI (AU) 4.5 ± 0.9 7.6 ± 1.5*,** 5.2 ± 0.7 7.6 ± 1.1*,**

Perceptual

RPE (AU) 14 ± 2 17 ± 2* 17 ± 2* 17 ± 2*

TS (AU) 5 ± 1 7 ± 1 6 ± 1 7 ± 1

*Significantly different from NORM; **significantly different from HYP; ***significantly different from HEAT (p < 0.05).
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the perturbations to homeostasis induced during an acute
heat exposure (40°C) are greater than those resulting from
hypoxia (3,000 m). Furthermore, the increased level of sys-
temic strain provided by HEAT had a greater impact on
subsequent fixed work exercise in hypoxia, whether hyp-
oxia was a feature of the initial stressor or not.

Increased physiological strain enhances the
preconditioning response
It is well documented in animal models that a prior
preconditioning exposure to a stressor, such as heat or
ischemia, can improve tolerance and/or survival when
later exposed to a different stressor [5]. It has been
suggested it is the level of strain, and not solely a stress-
specific response, which drives adaptive processes [16].
It is this generalized response to disruptions in homeo-
stasis that may facilitate any preconditioning or cross-
acclimation response. It is likely that for a cross-
acclimation effect to be present, the variant stressors
must share some common acute and adaptive responses
[5]. For example, the redistribution of blood flow to the
skin during a period of heat stress renders some tissues
ischemic. This localized ischemia may also act as a
stimulus for induction of HSP72 and also prime the sys-
tem for later ischemic/hypoxic insult. Of note is the ob-
servation that splanchnic tissues undergo ischemia
during body heating [27] and that this tissue has been
strongly linked with the release of HSP72 into the circu-
lation [28]. It is possible that some of these localized is-
chemic responses to whole-body heating activate similar
cellular and systemic responses which are seen during
whole-body hypoxia, and this may play a role in precon-
ditioning and cross-acclimation between heat and hyp-
oxic stressors.
An interesting observation in the present study was

that HEAT (40°C) and HYP (FIO2 ≈ 0.14) produced a
similar level of cardiovascular strain during the initial
40 min of exercise (140 ± 8 beats · min−1 in HEAT com-
pared to 138 ± 7 beats · min−1 in HYP; Figure 3), and
each induced post exercise upregulation of mHSP72 and
IL-6 (Figure 5), representing both physiological and cel-
lular common responses. However, the magnitude of the
cellular stress response was greater in both HEAT and
COM and could be due to the greater physiological
strain experienced in these conditions (Figure 5). After
the initial 40 min of exercise in HEAT, Tcore maintained
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Figure 4 Thermoregulatory responses to each experimental trial. The top left panel shows core temperature during each trial, the top right
panel shows mean skin temperature during each trial, the bottom left panel shows mean body temperature during each trial and the bottom right
panel shows physiological strain index during each trial. a = HEAT and COM different from NORM and HYP (p < 0.01), b = HEAT, HYP and COM
different from NORM (p < 0.05), c = COM different from HYP (p < 0.05).
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its rate of rise during HEAT (0.03°C · min−1), whereas it
plateaued in both NORM and HYP trials from 20 min
onwards (Figure 4). The significantly higher heart rate
(approximately 12 beats · min−1) upon termination of ex-
ercise in HEAT compared to HYP was probably due to a
reduced ventricular filling time and end-diastolic function
(EDV), mediated by central (ANS) or peripheral factors,
such as the direct effect of heat on the SA node, increasing
the rate of cardiac contraction [29]. As hypothesized, exer-
cise in COM further augmented HR during rest and sub-
maximal exercise (Table 1, Figure 3). During the initial
40 min of exercise in COM, HR was ~10 beats · min−1

higher compared to HEAT and HYP (Figure 3), and as a
result, PSI was increased throughout exercise in COM
compared to both HEAT and HYP (Figure 4). Although
the COM exercise condition was, on average, ~6 min
shorter than HEAT, final Tcore and PSI were similar
(Figure 4), indicating a similar magnitude of overall
physiological strain was incurred in these conditions. It
is possible to infer that heat per se induces the greatest
degree of overall cellular strain per unit time due to the
increased post exercise mHSP72 and IL-6 seen in both
HEAT and COM compared to HYP (Figure 5). The
HSR, and expression of HSF-1, was activated in all en-
vironmental conditions as evidenced by post exercise
mHSP72 expression and the HSF-1-mediated IL-10 in-
creases (Figure 5).
Pre-HST mHSP72 values for HEAT, HYP and COM

were similar to, or greater than, those observed post-
HSTNORM (122% ± 13%). Accordingly, a blunted post
exercise HSR was subsequently seen post-HSTHEAT,
post-HSTHYP and post-HSTCOM. Previous research has
shown that the HSR in monocytes is directly propor-
tional to the amount of HSP72 present in the cell [29].
Conceptually, the monocyte would not require further
de novo synthesis of mHSP72 as the elevated basal
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Figure 5 Monocyte HSP72 and cytokine responses to each experimental trial. The top left panel shows mHSP72 expression over time for
each of the four experimental conditions. Data at the end of exercise (day 1), pre-HST and post-HST are expressed as a percentage of the control
value [26]. The top right panel shows TNF-α before and after each experimental trial. The bottom left panel shows IL-6 and the bottom right panel
shows IL-10 before and after each experimental trial. Data show the first, second (median) and third interquartile ranges (coloured boxes) and the
lowest and highest values in each condition (T bars). Letters represent significant differences between means (p < 0.05). Error bars represent the
standard error of the mean. a = different from baseline (p < 0.05), b = different from NORM (p < 0.05), c = different from HYP (p < 0.05), d = different
from pre-HST to post-HST.
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concentrations would allow the cell to cope with HST-
induced alterations in cellular homeostasis. IL-10 was,
in comparison to the other conditions, unaffected by
HSTCOM. The HSR and activation of HSF-1 are implicated
in anti-inflammatory responses to stressors [15]; thus, the
increased cellular tolerance conveyed as a result of COM
may have affected cytokine signal transduction and gene
expression via an inhibition of NF-κB, thus preventing ex-
pression of the pro-inflammatory mediators such as IL-6
[14]. These results indicate that heat per se may induce
HSR/HSF-1-mediated anti-inflammatory effects during
later hypoxic exercise. Further study should investigate
the relationship between HSF-1, HSP72 and both pro-
and anti-inflammatory cytokines.
Physiologically, a prior exposure to either HEAT or

COM led to modest reductions in exercising HR and Tcore
and therefore PSI during their respective HST (Figure 6).
In contrast, a prior exposure to hypoxia in the preceding
24 h appeared to have no effect on reducing exercising
HR as HR values observed during HSTHYP were similar to
those in HSTNORM (Figure 6). Physiological strain during
the HST was also lower following a prior exposure to
HEAT and COM in participants 9 and 10, respectively,
whereas PSI during exposure to HYP was only reduced in
comparison to NORM in 6 out of the 12 participants. This
indicates that a prior exposure to a heat stressor improves
tolerance to submaximal exercise in hypoxia. Mechanistic-
ally, it is possible that an increased plasma volume effect
following each heated trial leads to the reduction in HR.
No significant statistical change in plasma volume was ob-
served between the four trials; however, each trial resulted
in a slight increase in PV 24 h later. It is possible that the
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Figure 6 Cardiovascular and thermoregulatory responses to each HST. The top left panel shows the heart rate and SpO2 responses to each
HST. The top middle panel shows the core temperature response to each HST. The top right panel shows the physiological strain index during
each HST. The bottom panels represent the percentage difference in heart rate, core temperature and PSI, respectively, in relation to the
HSTNORM trial.
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duration of exercise impacted on the degree of plasma vol-
ume expansion experienced, although in this instance PV
expansion was not related to exercise time. Despite this, it
does seem the most plausible explanation for the reduc-
tion in exercising HR in HSTHEAT and HSTCOM. On aver-
age, participants had expanded plasma volumes 24 h after
HEAT and COM, but not all participants displayed this
characteristic. The role physiological strain per se has on
adaption and subsequent hypoxic tolerance could be fur-
ther investigated by utilizing a level of hypoxia that in-
duces a greater level of physiological strain than both the
levels of HYP and HEAT applied within the present study.

Exercise in heat offers a more efficient acute training
stimulus than hypoxia
The popularity of normobaric altitude training amongst
athletes has grown in recent years, despite remaining ques-
tions regarding efficacy in improving sea-level performance
and performance in hypobaric conditions [30,31]. The re-
sults from the current investigation indicate that during an
acute fixed work exercise bout, heat presents the greater
physiological and cellular training stimulus compared to
normobaric hypoxia at the levels studied.
For example, the acute inflammatory response has been

shown to play an important role in the response and adap-
tation to training [32], with IL-6 shown to mediate the
metabolic changes during exercise [33]. These results indi-
cate that training at the same absolute workload under
conditions of heat stress provides a more potent training
stimulus than when performing the same work bout
at ~3,000 m asl. It is also inferred that heat induced a
greater level of physiological strain at a lower relative
workload than acute hypoxia.
As maximal oxygen consumption decreases with increas-

ing altitude [34,35] and increasing ambient temperatures
[36,37], absolute workloads under these conditions will be
relatively more intense than when performed at sea level.
The degree of hypoxia studied in this present investigation
has been shown to reduce maximal aerobic capacity to a
greater extent than exposure to 40°C heat when compared
to values obtained during sea level (HYP = 35% ± 22%,
HEAT= 13% ± 11%) [37]. As mean exercise intensity did
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Table 4 Cardiovascular, metabolic, thermoregulatory and subjective data upon termination of each hypoxic stress test

HSTNORM HSTHEAT HSTHYP HSTCOM

Cardiovascular

HR (beats · min−1) 150 ± 16 146 ± 16 150 ± 13 145 ± 17

SpO2 (%) 83 ± 2 82 ± 2 83 ± 2 82 ± 2

Cardiac output (L · min−1) 16.9 ± 2.7 15.9 ± 2.6 16.1 ± 2.6 16.0 ± 2.8

Stroke volume (mL · beat−1) 117 ± 31 110 ± 22 111 ± 27 113 ± 26

a‐�vO2 difference (mL · L−1) 11.1 ± 0.9 11.1 ± 1.4 11.1 ± 1.2 11.0 ± 0.9

Plasma volume (% change) 1.8 ± 7.6 8.3 ± 7.7 2.1 ± 4.7 3.1 ± 6.4

Metabolic

VO2 (L · min−1) 1.89 ± 0.41 1.77 ± 0.41 1.79 ± 0.32 1.75 ± 0.42

VCO2 (L · min−1) 1.85 ± 0.33 1.70 ± 0.32 1.73 ± 0.31 1.66 ± 0.3

RER 0.99 ± 0.10 0.97 ± 0.10 0.98 ± 0.10 0.95 ± 0.10

VE STPD (L · min−1) 50.3 ± 11.3 46.0 ± 13.1 47.3 ± 8.8 42.1 ± 8.4

VE BTPS (L · min−1) 59.6 ± 9.7 56.0 ± 16.0 57.9 ± 11.0 51.4 ± 10.0

Thermoregulatory

Tcore (°C) 37.9 ± 0.2 37.7 ± 0.5 37.9 ± 0.2 37.7 ± 0.3

Tskin (°C) 32.1 ± 1.5 32.1 ± 1.1 32.1 ± 1.5 32.5 ± 1.8

Tbody (°C) 36.7 ± 0.3 36.5 ± 0.4 36.8 ± 0.3 36.7 ± 0.5

PSI (AU) 5.1 ± 0.8 4.6 ± 1.4 5.0 ± 0.9 4.6 ± 0.9

Perceptual

RPE (AU) 15 ± 3 15 ± 2 14 ± 2 14 ± 1

TS (AU) 6 ± 1 5 ± 1 5 ± 1 5 ± 1
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not vary during the HEAT, HYP and COM trials, it sug-
gests that for the lower relative workload, heat is the greater
inducer of IL-6 and mHSP72 and thus represents a greater
level of systemic strain than the level of hypoxia studied.
These results are aligned with that of Lundby and Steens-
berg [38] who reported that cycling exercise performed at
the same absolute work intensity (50% of normoxic VO2

max) at an altitude of 4,100 m elicited a threefold increase
in IL-6 compared to that seen at sea level, providing further
evidence that exercise intensity augments the IL-6 response
[38,39]. Similarly, prolonged cycling for 90 min in the heat
at 70% VO2 max induced a fourfold increase in IL-6 com-
pared to a normothermic control condition [40]. Heat may
offer the greatest practical benefit as an adjunct to training
as it elicits a greater physiological and cellular response at a
lower, environment-specific workload and for the same
level of perceived exertion as experienced in hypoxia
(Table 3). Individuals using this approach would also have
the option of working at higher work intensities than are
possible under hypoxic conditions due to the increased re-
ductions in aerobic capacity experienced in hypoxia. Heat
acclimation regimens that elevate plasma volume have been
shown to improve physical performance (VO2 peak and
time trial performance) at sea level in well-trained partici-
pants [36,41] and cognitive function during acute hypoxia
[18]. Thus, those looking for an adjunct to training may
consider the potential benefits of acute and repeated heat
training sessions over the more commonly applied altitude
model of training.

Exercise tolerance to fixed work exercise in heat and
hypoxia is highly variable
Within- and between-participant exercise capacity was
varied between the four environmental stressor conditions
(Figure 2). These results confirm data that suggest that
aerobic capacity, to some extent, affects exercise tolerance
to both heat [42,43] and hypoxia, with those individuals
more adapted to endurance exercise better able to regu-
late their responses to these environmental stressors.
These differences become more apparent when partici-
pants were separated into trained (>50 mL · kg · min−1,
55.8 ± 5.5 mL · kg · min−1; n = 6) and untrained (<40 mL ·
kg · min−1, 38 ± 2.4 mL · kg · min−1; n = 6) groups. It is well
established that endurance-trained athletes behave physio-
logically as though already adapted to heat stress [44] via
an increased heat loss capacity and decreased rectal
temperature [45]. This is illustrated by the slower adapta-
tion to heat seen in those with lower levels of aerobic fit-
ness, compared to their trained counterparts [24]. Heat
acclimation has been shown to increase sweat rate and de-
crease rectal temperature without effecting performance
in a trained group of similar aerobic fitness seen in the
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current investigation (>55 mL · kg · min−1), whereas in the
untrained group, sweat rate was increased with no
changes seen in rectal temperature or exercise perform-
ance. The authors concluded that aerobic fitness resulted
in significant improvements in exercise heat tolerance, re-
gardless of acclimation status [43]. Thus, the variation in
performance seen in this present study may be, in part, re-
lated to the training status of participants.
Motivation may have played a factor in the termin-

ation of trials, as early termination was not always coin-
cident with a maximal RPE of 20. RPE increased linearly
with time in all conditions; however, RPE following the
initial 10 min of exercise was higher in the three envir-
onmental stress conditions compared to NORM. From a
perceptual perspective, one could speculate that heat is a
more habitual stressor than hypoxia; thus, natural toler-
ance and understanding of the physical sensations in-
volved when working under an imposed heat load would
be greater than that experienced in hypoxia. None of the
participants used in this study had ever been to an alti-
tude of >2,500 m, whereas all had at some stage experi-
enced high ambient temperatures as part of a seasonal
variation in climate. Thus, the novel sensations experi-
enced during the hypoxic sessions may have, in part,
contributed to cessation of these trials. The increases in
skin temperature during the hyperthermic trials and the
reductions in arterial oxygen saturation during the hyp-
oxic conditions may have increased the set point for the
rate of RPE increase and partially explain some of the
differences in exercise capacity observed [46].

Experimental considerations
The exercise duration during the preconditioning exer-
cise bout on day 1 of each trial may have impacted upon
any reductions in HR and Tcore. Therefore, future studies
employing a similar model are advised to control for
exercise duration during the initial bout, ensuring all
participants are exposed to the preconditioning stressor
for the same length of time. Utilizing fitter participants
in future studies may allow for an equal precondition-
ing dose to be administered across each environmental
condition. Alternatively, reducing the exercise intensity
may also allow for a consistent exercise dose. This would
enable more robust conclusions to be made about the ef-
fects of a prior heating exposure on hypoxic tolerance.
However, this approach would have compromised the per-
formance capacity aspect during the first stage of this
study.
It was important that baseline mHSP72 on the first day

of each 2-day trial period did not vary between conditions,
as the rate of appearance of HSP72 post heat stress has
been shown to be relative to the monocyte basal HSP72
content [47]. The 7-day washout from the end of a HST
to the beginning of the next trial allowed resting mHSP72
to return to baseline values. It was not possible to examine
the time course of this response, nor was the gene expres-
sion profile of HSP72 assessed as part of the current in-
vestigation. Morton et al. [26] reported that intramuscular
HSP72 peaked at 72 h after a non-damaging running
protocol, with values still elevated 7 days after the initial
exercise bout. It is possible that the recruitment of a larger
muscle mass coupled with eccentric muscle activity may
prolong this post exercise elevation in HSP family mem-
bers compared to the cycling exercise used in the present
study. Khassaf et al. [48] utilized a one-legged cycling
protocol to elevate intramuscular HSP72. They reported a
large inter-individual response to the exercise bout and
HSP72 values remaining elevated 3–6 days after exercise.
It is therefore possible that each prior trial had a residual
effect on intramuscular HSP72 levels that were not
reflected in the intracellular samples, collected from the
systemic circulation, as part of this investigation. Each ex-
perimental block was randomized and completed the trials
in different orders, thereby minimizing the potential con-
founding effects described above. However, the time
course of the intramuscular HSP72 response, and how this
correlates with systemic intracellular HSP72, warrants fur-
ther investigation.

Conclusions
Although exploratory in nature, the results from this study
reveal that the levels of heat and hypoxia used produce
similar degrees of cardiovascular strain for approximately
40 min of exercise at a work rate of 50% VO2 peak. It is
anticipated the novel findings of this study will provide a
starting point for those interested in investigating different
combinations of heat and hypoxia and how these impact
upon physical performance. As expected, when heat and
hypoxia are combined, acute physiological and cellular
stress responses are augmented. However, the level of heat
used in this present investigation appears to produce a
greater physiological stress response 24 h later compared
to the level of hypoxia used, with the combination of two
stressors not eliciting greater effects than the use of heat
alone. The finding that heat stress per se appears to elicit a
greater adaptive stimulus than the level of hypoxia studied
could have several practical implications. For example, pe-
riods of heat training could be implemented into an ath-
lete’s training schedule or be used as an efficient and cost-
effective means of preparing individuals (such as military
personnel) for rapid redeployment from areas of heat to
areas of altitude. Future mechanistic research into
short-term, whole-body preconditioning between heat and
hypoxia should control for both duration of the initial ex-
posure and degree of hyperthermia induced. The effects
of a prior preconditioning period of the whole body or lo-
calized muscle heating on exercise tolerance and perform-
ance are also a suggested area for future research.
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