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Abstract 30 

Background. The potential for cross acclimation between environmental stressors is not well 31 

understood. Thus the aim of this investigation was to determine the effect of fixed-32 

workload heat or hypoxic acclimation on cellular, physiological and performance 33 

responses during post acclimation hypoxic exercise in humans. Method. Twenty-one 34 

males (age 22 ± 5 years; stature 1.76 ± 0.07m; mass 71.8 ± 7.9kg; V̇O2 peak 51 ± 35 

7mL.kg-1.min-1) completed a cycling hypoxic stress test (HST) and self-paced 16.1km 36 

time trial (TT) before (HST1, TT1), and after (HST2, TT2) a series of 10 daily 60 min 37 

training sessions (50% N V̇O2peak) in control (CON, n = 7; 18°C, 35%RH), hypoxic 38 

(HYP, n = 7;) or hot (HOT, n = 7; 40°C, 25% RH) conditions. Results. TT 39 

performance in hypoxia was improved following both acclimation treatments, HYP (-40 

3:16 ± 3:10 mins:sec; p = 0.0006) and HOT (-2:02 ± 1:02 mins:sec; p = 0.005), but 41 

unchanged after CON (+0:31 ± 1:42 mins:sec). Resting monocyte heat shock protein 42 

72 (mHSP72) increased prior to HST2 in HOT (62 ± 46%) and HYP (58 ± 52%), but 43 

was unchanged after CON (9 ± 46%), leading to an attenuated mHSP72 response to 44 

hypoxic exercise in HOT and HYP HST2 compared to HST1 (p < 0.01). Changes in 45 

extracellular hypoxia-inducible factor 1-α followed a similar pattern to those of 46 

mHSP72. Physiological strain index (PSI) was attenuated in HOT (HST1 = 4.12 ± 47 

0.58, HST2 = 3.60 ± 0.42; p = 0.007) as a result of a reduced HR (HST1 = 140 ± 14 48 

b.min-1; HST2 131 ± 9 b.min-1 p = 0.0006) and Trectal (HST1 = 37.55 ± 0.18°C; HST2 49 

37.45 ± 0.14°C; p = 0.018) during exercise. Whereas PSI did not change in HYP 50 

(HST1 = 4.82 ± 0.64, HST2 4.83 ± 0.63). Conclusion. Heat acclimation improved 51 

cellular and systemic physiological tolerance to steady state exercise in moderate 52 

hypoxia. Additionally we show, for the first time, that heat acclimation improved 53 

cycling time trial performance to a magnitude similar to that achieved by hypoxic 54 

acclimation.  55 

Key words. Heat, hypoxia, cross-acclimation, cycling, heat shock proteins 56 

 57 

 58 

 59 

 60 
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Introduction 61 

Adaptation to one environmental stressor can induce protective responses upon exposure to 62 

other stressors as long as they share common adaptive responses (Fregly, 2011). This 63 

phenomenon is termed cross-acclimation, when physiological strain is attenuated (Ely et al., 64 

2014), or cross-tolerance, when improved cellular protection is observed (Kregel, 2002). At a 65 

cellular level acute heat (Fehrenbach et al., 2001;Lee et al., 2014a;Périard et al., 2015) and 66 

hypoxic stress (Taylor et al., 2011;Lee et al., 2014a) induce the heat shock response (HSR; 67 

Morimoto 1998), characterized by a transient post exposure increase in the cytoprotective 68 

heat shock protein 72 (HSP72). Additionally, acclimation to either heat or hypoxia induces 69 

phenotypic alterations that increased expression of genes encoding for cytoprotective HSPs 70 

(Maloyan et al., 1999;McClung et al., 2008;Gibson et al., 2015c), leading to greater cellular 71 

resilience in the face of subsequent stressful insults (Levi et al., 1993;Hutter et al., 1994).  72 

 73 

Enhanced HSP72 following heat acclimation is associated with delayed tissue injury during 74 

acute heat stress (Horowitz et al., 2004) and contributes to cross tolerance between heat and 75 

ischemic stressors (Maloyan and Horowitz, 2005). In humans supplemented with quercetin - 76 

a potent inhibitor of the heat shock response, post heat acclimation thermotolerance was 77 

reduced (Kuennen et al., 2011). This was characterized by a diminished cellular stress marker 78 

response alongside an attenuated physiological adaptation characterized by physiological 79 

parameters, illustrating the functional role of the HSR at a whole body level. However, Hom 80 

et al., (2012) demonstrated a heat acclimated phenotype in the absence of HSP72 elevation, 81 

suggesting that increased HSP72 alone may not always be present in heat acclimation. In 82 

rodent models, increased hypoxia-inducible factor 1-α (HIF1-α), the master regulator of 83 

oxygen-regulated genes, and downstream indicators of HIF-1α expression such as 84 

erythropoietin (EPO) receptor, EPO and vascular endothelial growth factor (VEGF), have 85 

been observed after acute heat stress (Na'ama et al., 2005) and heat acclimation (Maloyan et 86 

al., 2005;Tetievsky et al., 2008;Assayag et al., 2012;Umschweif et al., 2013) suggesting an 87 

interaction between HIF-1α and the HSR during heat acclimation.  88 

 89 

Few studies have investigated the potential for heat acclimation to confer cross acclimation 90 

and tolerance to acute hypoxic exposures in a human model (Heled et al., 2012;Lee et al., 91 
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2014a;Lee et al., 2014b;Gibson et al., 2015c), with no study examining the response ofHIF1-92 

α to a heat acclimation regimen. Both acute exercising exposures to heat and heat combined 93 

with hypoxia have been shown to attenuate physiological strain during hypoxic exercise 94 

conducted 24 hours following the initial heat exposure (Lee et al 2014a). The same authors 95 

also observed reduced exercise heart rates and rectal temperatures, and increased exercise 96 

SpO2 during hypoxic exercise that was preceded by three days of heat acclimation (Lee et al., 97 

2014b). Longer term heat acclimation programs have also led to a reduction in hypoxic 98 

exercise HR alongside increased SpO2 (Heled et al., 2012; Gibson et al., 2015c), and an 99 

improved cardiac efficiency (V̇O2/HR referred to as O2 pulse; Gibson et al., 2015c). In 100 

addition to the improvements seen in systemic function, an increase in resting peripheral 101 

blood mononuclear cell (PBMC) HSP72 protein (Lee et al., 2014a, 2014b) and HSP72 102 

mRNA (Gibson et al., 2015c) have been observed following heat acclimation. Subsequently, 103 

the post hypoxic exercise induced increases in the HSP72 response have been shown to be 104 

attenuated in heat-acclimated individuals (Lee et al., 2014b; Gibson et al., 2015c). These data 105 

support the existence of both cross-acclimation and cross-tolerance in humans.  106 

 107 

While each of these studies included matched load control groups (Lee et al., 2014b;Gibson 108 

et al., 2015c), no study has examined cross-acclimation and cross-tolerance in relation to a 109 

matched period of hypoxic acclimation. Neither has the effect of heat acclimation on hypoxic 110 

exercise performance been determined. Therefore the aim of the present study was to 111 

compare the impact of a period of heat acclimation versus hypoxic acclimation on 112 

physiological cross-acclimation and cellular cross-tolerance, and exercise performance during 113 

a subsequent exposure to acute normobaric hypoxia.  It was hypothesized that a prior period 114 

of either heat or hypoxic acclimation would reduce physiological strain and improve physical 115 

performance when exercising in moderate normobaric hypoxia, with the effects being 116 

greatest following hypoxic acclimation. It was also hypothesized that both heat and hypoxic 117 

acclimation would increase resting levels of both mHSP72 and eHIF-1α post acclimation.  118 

 119 

Methods 120 

Participant characteristics  121 
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Participants (n = 21 males; Figure 1) provided written informed consent to take part in the 122 

study, which was approved by the Coventry University Ethics review panel.  Established 123 

confounding variables of smoking, caffeine, glutamine, quercetin, alcohol, and prior thermal, 124 

hypoxic and hyperbaric exposures were all controlled in line with previous work (Taylor et 125 

al. 2011; Gibson et al., 2014; Lee et al., 2014). Participants were asked not to undertake any 126 

other exercise training in the 72 hours leading up to a testing bout and throughout the 127 

intervention period. All data collection was conducted in accordance with the standards set 128 

out in the Declaration of Helsinki of 1996.  129 

 130 

Experimental design 131 

All participants attended the laboratory on 17 separate occasions, as outlined in Figure 1. 132 

Two preliminary visits enabled height, body mass, estimated body fat via skinfold 133 

measurements, and normoxic (N) and hypoxic (H) V̇O2peak tests, separated by at least 5 134 

days, to be conducted. Thereafter participants were split into 3 experimental groups (control, 135 

CON; heat acclimation, HOT; hypoxic acclimation, HYP) that were matched for N V̇O2peak 136 

and training experience (Figure 1). After both N and H V̇O2peak tests had been conducted all 137 

participants undertook two hypoxic stress test (HST) familiarisation (FAM) sessions 138 

(described below) at least 4 days apart (Lee et al., 2014a;Lee et al., 2014b). To avoid any 139 

confounding acclimation to acute hypoxia FAM was conducted under normoxic conditions. 140 

At least 7 days after the final FAM session participants completed the first HST. 141 

 142 

Preliminary visit measurements 143 

Height was measured in the Frankfurt plane using a Harpenden stadiometer (Harpenden 144 

Instruments, Burgess Hill, UK), nude body mass determined on an electronic scale (Seca 145 

Body, Cranlea and Company, Birmingham, UK) and sum of skinfolds determined from 4 146 

sites using a skinfold caliper (Harpenden Instruments, Burgess Hill, UK) as described by 147 

Durnin and Womersley (1974).  148 

Peak V̇O2 was determined in both N and H conditions on separate days (preliminary visits 1 149 

and 2) using an incremental exercise test to volitional exhaustion on a calibrated SRM cycle 150 
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ergometer  (Schoberer Rad Meßtechnik, Welldorf, Germany). Hypoxia was generated via a 151 

Hypoxicator unit (Hypoxico HYP123 Hypoxicator, New York, USA), that was used to fill a 152 

reservoir of three 1000L Douglas bags in series. Participants inspired via a mouthpiece 153 

attached to a two-way non-rebreathable valve (Harvard Ltd, Eldenbridge, UK) connected to 154 

the gas reservoir with clear ethylene vinyl tubing.  155 

Resting blood lactate (BLa; Biosen C-Line analyser, EKF Diagnostics, Sailauf, Germany) 156 

was determined from a finger capillary whole blood sample following a 10-min seated rest 157 

period. The test began at a workload of 70 W for 4 min and was then increased by 35 W 158 

every 4 min until a blood lactate value of >4 mmol·L−1 was reached. Thereafter, workload 159 

increased 35 W every 2 min until volitional exhaustion. A cadence of 70 rev·min−1 was 160 

maintained throughout. Expired gases were collected using 200 L Douglas bags (Cranlea & 161 

Co, Birmingham, UK) during the final minute of each stage. Heart rate (Polar FT1, Polar 162 

Electro OY, Kempele, Finland) and perceived exertion (Borg, 1976) were recorded at the end 163 

of each gas collection. Respiratory gas analysis was completed as previously described (Lee 164 

et al., 2014a;Lee et al., 2014b).  165 

 166 

Familiarisation, hypoxic stress testing (HST) and acclimation procedures 167 

On each FAM and HST session, as well as throughout the acclimation period, participants 168 

reported to the laboratory after an overnight fast to consume a set breakfast 2 hours prior to 169 

the exercise bout. The energy content of the breakfast was 386kcal, made up of 15.6g protein, 170 

44.4g carbohydrate and 16.4g fat. Participants drank 400ml of water with the breakfast. 171 

 172 

Each FAM, HST and acclimation session was preceded by 15 min of seated normoxic rest 173 

(after instrumentation) to collect baseline data and an additional 15 min of seated rest within 174 

the defined environment (N or H). The FAM and HST sessions consisted of 40 min of cycle 175 

exercise at 50% NV̇O2peak, a 5 min recovery in which instruments were removed from 176 

participants, followed by a 16.1km cycling time trial. The time trial has a CV and TEM of 177 

0.63% and 36 seconds respectively following 2 FAM sessions. The smallest worthwhile 178 

change in TT time using this protocol is therefore a 46 second difference (Lee et al.,  2015). 179 

The 10-day acclimation protocol consisted of once daily exposures of cycle ergometer 180 
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exercise within the defined environment, either CON (18°C, 35% RH), HOT (40°C, 25% 181 

RH) or HYP (18°C, 35% RH, FIO2 = 0.14%) at 50% N V̇O2peak for 60 minutes (Castle et al., 182 

2011).  183 

 184 

Physiological measurements 185 

Prior to each testing session participants provided a urine sample for the assessment of urine 186 

specific gravity (USG; Atago Refractomer, Jencons Pls, Leighton Buzzard, UK) and urine 187 

osmolality (UOSMO; Advanced 3300 Micro-Osmometer, Advanced Inc, Massachusetts, USA), 188 

determined their nude body mass (Seca, Bodycare, UK) and inserted a rectal thermistor 189 

(Grant Instruments, UK) to a depth of 10cm. Heart rate (HR) was monitored throughout each 190 

trial via telemetry (Suunto, T6c, Finland). Blood lactate (Biosen C-Line analyser, EKF 191 

Diagnostics, Sailauf , Germany) was determined from a finger capillary whole blood sample 192 

at the end of the resting period and at the end of exercise for both HST and acclimation 193 

sessions. Heat strain was calculated using the physiological strain index (PSI; (Moran et al., 194 

1998) as follows:  195 

 196 

PSI = 5(TrectalT – Trectal0) x (39.5 – Trectal0)
-1 + 5(HRT – HR0) x (180 – HR0)

-1 197 

 198 

Where Trectal0 and HR0 are the initial Trectal and heart rate respectively, and TrectalT and HRT 199 

were obtained at 10 minute intervals during acclimation sessions or HST with the mean 200 

exercise value reported, and at each 1km measurement point throughout the TT. The PSI 201 

classifies physiological strain between 0 and 10 units, where 0 represents no or very little 202 

strain and 10 represents very high strain (Moran et al., 1998).  203 

 204 

During all hypoxic sessions, arterial oxygen hemoglobin saturation (SPO2) was measured 205 

throughout via a pulse oximeter (WristOx, Nonin Medical Inc, Minnesota, USA). 206 

Hemodynamic indices of stroke volume (SV) and cardiac output (Q̇) were estimated via 207 

arterial waveform measurements obtained from a pneumatic finger cuff attached to the index 208 

Provisional



finger of the right hand (Portapres Model-2, Finapres Medical Systems, Hogehilweg, 209 

Amsterdam). The right arm was supported throughout using a sling, and the index finger 210 

positioned at a height equivalent to the aorta via palpation of the third intercostal space. 211 

Measurements were taken at the end of each resting phase, and for 120 sec every 10 min 212 

during the exercise phase, and calibrations performed at the beginning of the rest period and 213 

at 8 minute intervals throughout the HST. Ratings of perceived exertion (RPE; (Borg, 1976) 214 

and thermal sensation (TS) were collected at 10 min intervals during the 40 min exercise 215 

tolerance phase of the test session with the mean exercise value reported.  216 

 217 

The self-paced 16.1km time trial was completed using the SRMwin software’s open-ended 218 

mode (Version 6.4.2). Participants were instructed to complete the course as quickly as 219 

possible and were given no verbal encouragement during the TT. Participants were only able 220 

to see the distance they had covered. Measures of HR, SpO2, Trectal, and power output were 221 

collected every kilometer and a fingertip BLa sample collected immediately upon completion 222 

of the TT.  223 

 224 

Blood sampling  225 

Venous blood samples (~7mL) were collected from an antecubital vein into an EDTA treated 226 

vacutainer (Vacuetter, Greiner Bio-One, Stonehouse, UK) following the 15 min seated 227 

stabilization period before each HST, and on day 1 and 10 of the acclimation period. Post 228 

exercise samples were collected immediately after the exercise phase of the 60 min HST 229 

exposure was completed, and immediately upon completion of the aforementioned 230 

acclimation sessions. Whole venous blood was used to determine hemoglobin via a calibrated 231 

B-Haemoglobin Photometer (Hemocue Ltd, Angleholm, Sweden) and heparinized capillary 232 

sample tubes were centrifuged (Hawksley Micro Haematocrit Centrifuge, Hawksley and Son, 233 

Lancing, UK) to establish haematocrit using a micro haematocrit reader (Hawksley Micro). 234 

Both haemoglobin and haematocrit were assessed in triplicate with the mean value reported. 235 

These samples were collected to calculate corrected plasma volumes according to the 236 

equations of Dill and Costill (1974). A 100μL aliquot was used for the immediate assessment 237 

of monocyte HSP72 (mHSP72; described below). The remaining whole blood was 238 

centrifuged at 5000rpm for 10 min and plasma aliquots stored at -80°C until assessment of 239 

Provisional



9 

 

plasma glucose and lactate (Randox Daytona Rx, County Antrim, Ireland), and extracellular 240 

HIF-1α (eHIF-1α; Cusabio, BIOTEK, Newark, New Jersey).  241 

 242 

mHSP72 determination 243 

An IgG1 isotype and concentration-matched FITC-conjugated negative control were used in 244 

order to assess non-specific binding. Briefly, cells obtained after red cell lysis were fixed and 245 

permeabilised (AbD Serotec, Kidlington, UK) and a negative control (FITC, AbD Serotec, 246 

Kidlington, UK) or anti-HSP72 antibody (SPA-810, Enzo lifesciences, Exeter, UK) was 247 

added to a final concentration of 100μg·ml-1, this was used to label 1 x 106 cells according to 248 

the manufacturer’s instructions and then incubated for 30 min in the dark. Samples were then 249 

analysed on a BD FACSCalibur (BD Biosciences, Oxford, UK) by flow cytometry with 250 

monocytes gated for forward/side scatter properties and further discriminated by CD14 251 

expression (Selkirk et al., 2009). Mean florescence intensity (MFI) was then calculated using 252 

CellQuest Pro software (BD Biosciences, Oxford, UK) with a total of 15000 cells counted.  253 

 254 

Extracellular HIF-1α 255 

Extracellular HIF-1α, in EDTA plasma, was measured using a pre-prepared sandwich 256 

enzyme-linked immunosorbent assay (ELISA) technique (Cusabio BIOTEK, Newark, New 257 

Jersey). 100µL of standards and samples were added to each pre-coated well and incubated 258 

for 2 hours at 37°C. Standards and samples were then aspirated and 100µL of biotin-antibody 259 

and incubated at 37°C for 1 hour. After three 200µL washes with sodium azide-free wash 260 

buffer, 100µL of horse radish peroxidase-avidin was added to each well and incubated for 1 261 

hour at 37°C. Following a further three wash steps 90µL of TMB substrate was added and 262 

incubated at 37°C in the dark before 50µL of stop solution was added. The plate was then 263 

read at 570nm and 450nm to enable wavelength correction. The assay’s detection range is 264 

62.5 – 4000pg.mL-1 and limit of detection is 15.6pg.mL-1. The intra-assay precision was 265 

determined from duplicates of standards within the same plate (6.4%) and inter-assay 266 

precision determined from standards assessed across plates (8.2%).  267 

 268 
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Statistical analysis   269 

The primary outcome measures of this study were an assessment of whole body 270 

cardiovascular, thermoregulatory, metabolic and mHSP72 and eHIF-1α responses to the 271 

HST. Time trial completion time was the main variable of interest during the performance 272 

component of the HST. In order to control for the false discovery rate and correct for multiple 273 

comparisons four families of hypothesis were tested according to the method of Benjamini 274 

and Hochberg (1995); 1) Physiological responses to acclimation; 2) Physiological responses 275 

to the hypoxic stress tests; 3) Cellular stress responses; 4) Time trial performance responses.  276 

All data were checked for normal distribution prior to analysis and tests employing repeated 277 

measures were checked for sphericity before analysis with Mauchly’s sphericity test. Where 278 

sphericity was broken, p-values were corrected using the Huynh-Feldt method. Resting and 279 

mean exercise data from day 1 and day 10 of the acclimation period, and HST1 and HST2 280 

were analyzed using a 2 (time) x 3 (group) mixed effects linear model, with fixed effects for 281 

acclimation day.  282 

To enable an exploration of pacing strategies during the TT following the acclimation period 283 

power output was averaged over each km of the TT and analysed using linear effects mixed 284 

models with fixed effects for time and group. HR, Trectal and PSI during the TT were analysed 285 

using the same method. Data are reported as mean ± standard deviation for n = 7 in each 286 

experimental group, unless otherwise stated. Precise p-values are reported, and both Cohen’s 287 

D (with 95% confidence intervals) and partial eta squared (Pŋ2) effect sizes are presented to 288 

indicate the magnitude of observed effects (Colquhoun, 2014). Cohens D effect sizes of 0.2, 289 

0.5 and 0.8 and partial eta squared (Pŋ2) effect sizes of 0.01, 0.06 and 0.13 are considered 290 

small, medium and large respectively.    291 

 292 

Results 293 

Heat acclimation, hypoxic acclimation and exercise control interventions 294 

Physiological and thermoregulatory variables for each experimental group before and after 295 

day 1 and day 10 of acclimation are displayed in Table 1. Participants were hydrated prior to 296 

each acclimation session, with no between-day or between group differences observed for 297 
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pre-trial body mass, Uosmo or USG. On day 1 of acclimation, mean exercise HR was greater in 298 

HOT (p = 0.01) and HYP (p = 0.02) compared to CON. Additionally, HOT induced a greater 299 

mean exercise Trectal and corresponding PSI compared to HYP (both p < 0.05) and CON (both 300 

p < 0.001), with no difference observed between HYP and CON (Table 1).  301 

On day 10 of acclimation an interaction effect was observed for resting plasma volume (f = 302 

12.336, p < 0.0001, ηp2 = 0.58) which increased in HOT (d = 3.8, 95% CI = 1.9 to 5.2), 303 

decreased in HYP (d = -1.7. 95% CI = -3.2 to -0.6) and remained unchanged in CON (d = 304 

0.7, 95% CI = -0.5 to 1.7). No main effect for time (f = 3.346, p = 0.084, ηp2 = 0.16) or time 305 

x group interaction (f = 2.293, p = 0.13, ηp2 = 0.20) was observed for resting HR, although a 306 

large effect size was noted for HOT (d = -0.73, 95% CI = -1.86 to 0.31). Resting Trectal was 307 

lower following acclimation in both HYP (d = -0.72, 95% CI = -1.69 to 0.45) and HOT (d = -308 

2.17, 95% CI = -2.3 to -0.1; p < 0.05 for both).  309 

Following acclimation PSI was reduced in both HYP (p = 0.001, d = -1.0, 95% CI = -2.2 to 310 

0.1) and HOT (p = 0.005, d = -1.95, 95% CI = -3.4 to -0.8) and was unchanged in CON (d = -311 

0.1, 95% CI = -1.2 to 0.9). The reduction in PSI was mediated by a lower mean exercise HR 312 

in HYP (p = 0.01, d = -1.1, 95% CI = -2.3 to 0.0), and a lower mean exercise HR (p = 0.04. d 313 

= -1.3, 95% CI = -2.3 to 0.0) and Trectal (p = 0.001, d = 4.9, 95% CI = -5.0 to -1.7) in HOT. 314 

No change in these variables was observed in CON. A large effect for rate of Trectal change 315 

was observed for HOT (d = -1.8, 95% CI = -2.6 to -0.3), and not for CON (d = -0.3, 95% CI 316 

= -1.4 to 0.8) or HYP (d = -0.1, 95% CI = -1.1 to 1.0), with no main effect for time (F = 317 

4.240, p = 0.05, ηp2 = 0.19) or group x time interaction (f = 1.526, p = 0.244, ηp2 = 0.15) 318 

observed.  319 

 320 

Monocyte HSP72 before and after acclimation 321 

No between group difference was observed for mHSP72 prior to acclimation (Figure 2A).  322 

Following exercise on day 1, mHSP72 was increased in HOT (p = 0.0015, d = 3.8, 95% CI = 323 

1.9 to 5.2) and HYP (p = 0.0009, d = 1.5, 95% CI = 0.1 to 2.4), but not CON (p = 0.14, d = -324 

0.3, 95% CI = -0.5 to 0.7; Figure 2A). An inverse relationship between resting mHSP72 and 325 

the magnitude of after exercise expression was observed for HOT (r = -0.88, p = 0.009), with 326 

a weaker relationship observed for HYP (r = -0.52, p = 0.23).  327 
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Prior to day 10 of acclimation, resting mHSP72 was increased in HOT (p = 0.0006, d = 4.1, 328 

95% CI = 1.4 to 4.4) and HYP (p = 0.013, d = 1.5, 95% CI = 0.04 to 2.3), and unchanged in 329 

CON (p = 0.21, d = -0.4, 95% = -1.4 to 0.7; Figure 2 B). As a result of the increased resting 330 

concentrations of mHSP72, no further after exercise changes in mHSP72 were observed in 331 

HOT (p = 0.53) or HYP (p = 0.24) on day 10 (Figure 2 B). Consequently, the before 332 

acclimation relationship between resting mHSP72 and magnitude in after exercise change 333 

was reduced in HOT (r = -0.05, p = 0.924), although similar in HYP (r = -0.55, p = 0.20). 334 

 335 

Extracellular HIF-1α before and after acclimation 336 

Figure 3 illustrates eHIF1-α concentrations before and after day 1 and day 10 of acclimation. 337 

Following exercise on day 1 of acclimation eHIF-1α was increased in HYP (256 ± 290 %, p 338 

= 0.011, d = 1.1, 95% CI = -0.2 to 2.0) and HOT (103 ± 162%, p = 0.076, d = 0.8, 95% CI = -339 

0.4 to 2.0), and unchanged in CON (8 ± 29%, p = 0.95, d = 0.0, 95% = -1.1 to 1.0, Figure 340 

3A). Prior to day 10 of acclimation eHIF-1α was increased in both HYP (292 ± 360%, p = 341 

0.02, d = 1.2, 95% CI = -0.2 to 2.0) and HOT (165 ± 66%, p = 0.031, d = 0.80, 95% = -0.4 to 342 

1.8), and unchanged in CON (5 ± 29 %, p = 0.55, d = -0.1, 95% -1.1 to 1.0, Figure 3B). On 343 

day 10 of acclimation eHIF-1α was no different from rest after exercise in HYP (21 ± 79%, p 344 

= 0.628) HOT (19 ± 33%, p = 0.112) or CON (-5 ± 17%, Figure 3B).  345 

 346 

Hypoxic tolerance tests 347 

Following acclimation and immediately prior to the beginning of the HST trial, plasma 348 

volume remained elevated in HOT (p = 0.022, d = 1.0, 95% CI = -0.3 to 1.9), depressed in 349 

HYP (p = 0.056, d = -1.1, 95% CI = -1.9 to 0.3) and unchanged in CON (p = 0.41, d = -0.2, 350 

95% CI = -1.2 to 0.9). Resting physiological and thermoregulatory parameters are displayed 351 

in Table 2. No resting physiological variable was affected as a result of the intervention 352 

period (p > 0.05, Table 2). Table 3 presents the cardiovascular, metabolic, thermoregulatory 353 

and perceptual responses to the HST before and after acclimation. HR was lower in HST2 354 

compared to HST1 in HOT (p = 0.006, d = -0.6, 95% CI = -1.8 to 0.4), and unchanged in 355 

CON (p = 0.44, d = 0.2, 95% CI -0.9 to 1.2) and HYP (p = 0.38, d = -0.1, 95% CI = -1.1 to 356 

1.0). Moderate and large effects were observed for an increased SpO2 in HOT (p = 0.0015, d 357 
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= 0.70 95% CI = -0.5 to 1.8) and HYP (p = 0.023, d = 0.50, 95% CI = -0.7 to 1.4), with no 358 

effect observed in CON (p = 0.36   d = 0.0), neither was an interaction effect observed (f = 359 

1.69, p = 0.212). A moderate effect was observed for SV in HOT (p = 0.06, d = 0.40, 95% CI 360 

= -0.7 to 1.40) but no effect was observed for CON (p = 0.29, d = -0.1, 95% CI = -1.1 to 1.0) 361 

or HYP (p = 0.11, -0.4, 95% CI -1.5 to 0.7), and no interaction effect was evident (f = 2.79, p 362 

= 0.08). As a result of the increased SV and decreased HR in HOT, and no changes in either 363 

component variable for CON and HYP, no interaction effect was observed for cardiac output 364 

(f = 0.50, p = 0.65), with small effects observed for CON (d = -0.1, 95% = -1.2 to 1.0), HYP 365 

(d = -0.4, 95% CI = -1.5 to 0.7) and HOT (d = -0.2, 95% CI = -1.3 to 0.8). Cardiac efficiency, 366 

as determined by O2 pulse, was improved in HOT (p = 0.01, d = 0.5, 95% CI = -0.6 to 1.5), 367 

and unchanged for CON (p = 0.50, d = 0.0, 95% CI = -1.1 to 1.1) and HYP (p = 0.34, d = -368 

0.1, 95% CI = -1.12 to 0.98), although no interaction effect was observed (f = 3.32, p = 369 

0.059). No differences were observed between HST1 and HST2 for V̇Emin, V̇O2, V̇CO2 or RER 370 

(Table 3).  371 

An interaction effect was observed for Trectal (f = 5.58, p = 0.013), with Trectal lower during 372 

HST2 for HOT (p = 0.002, d = -0.6, 95% CI = -1.7 to 0.5), and unchanged for CON (p = 373 

0.28, d = 0.1, 95% CI = -0.9 to 1.20) and HYP (p = 0.17, d = -0.2, 95% CI = -1.2 to 0.9). The 374 

attenuated HR and Trectal observed in HOT resulted in a reduced PSI during HST2 (p = 0.007, 375 

d = -0.9, 95% CI = -2.1 to 0.2). PSI was unchanged from HST1 to HST2 in CON (p = 0.30, d 376 

= -0.1, 95% CI = -1.2 to 0.9) and HYP (p = 0.47, d = 0.02, 95% CI = -1.0 to 1.1). 377 

Additionally, the rate of Trectal change was attenuated in HST2 following HOT (p = 0.026, d = 378 

-0.44, 95% CI = -1.4 to 0.7) but similar to HST1 in CON (p = 0.26, d = -0.1, 95% = -1.1 to 379 

1.0) and HYP (p = 0.49, d = -0.2, 95% CI = -1.2 to 0.9).  380 

 381 

Monocyte HSP72 responses to acute hypoxia 382 

Figure 4 illustrates the mHSP72 response to hypoxia before (HST1) and after (HST2) the 383 

acclimation intervention. An acute bout of hypoxic exercise lead to increased mHSP72 MFI 384 

in all groups prior to acclimation (main effect for time, F = 16.65, p < 0.0001; Figure 4, A), 385 

and the inverse relationship between resting mHSP72 and post exercise mHSP72 was 386 

observed (r = -0.51, p = 0.019 for the combined cohort, n=21). Following acclimation resting 387 

mHSP72 was increased in HYP (58 ± 52%, p = 0.014, d = 1.2, 95% CI = -0.02 to 2.2) and 388 

Provisional



HOT (63 ± 46%, p = 0.008, d = 3.8, 95% CI = 0.7 to 3.2), remaining unchanged in CON (10 389 

± 46%, p = 0.83, d = -0.1, 95% CI = -1.1 to 0.1; Figure 4B). Consequently, the mHSP72 390 

response following HST2 was blunted for HOT (p = 0.26) and HYP (p = 0.18), and was 391 

comparable to HST1 in CON (Figure 4B). 392 

 393 

Extracellular HIF-1α responses to acute hypoxia 394 

Figure 5 illustrates the eHIF-1α response to hypoxia before (HST1) and after (HST2) the 395 

acclimation intervention. Prior to acclimation the HST induced a 171 ± 247%, 197 ±  125% 396 

and 266 ± 192% increase in eHIF-1α in CON, HYP and HOT respectively (main effect for 397 

time, F = 34.59, p < 0.0001; Figure 5A).  Following the 10 day acclimation period resting 398 

eHIF-1α was elevated in HYP (220 ± 128%, p = 0.002, d = 1.2, 95% CI = -0.2 to 2.0) and 399 

HOT (98 ± 92%, p = 0.017, d = 0.8, 95% CI = -0.4 to 1.8), and unchanged in CON (15 ± 400 

76%, p = 0.62, d = 0.0, 95% CI = -1.1 to 1.0) (Figure 5 B). Therefore, after acclimation eHIF-401 

1α increased during exercise from rest in CON (241 ± 193%, p = 0.003, d = 2.3, 95% CI = 402 

0.3 to 2.7) and HOT (76 ± 101%, p = 0.07, d = 1.8, 95% CI = -0.1 to 2.2), however this 403 

response was attenuated in HYP in comparison to HST1 (33 ± 83%, p = 0.30, d = 0.4, 95% 404 

CI = -0.7 to 1.4) (Figure 5B).  405 

 406 

Time trial performance 407 

Table 4 illustrates performance changes for TT1 and TT2. There was no difference in TT 408 

times following the intervention in the CON group (TT1, 43:05 min:sec, 95% CI = 40:18 to 409 

45:51 min:sec; TT2, 43:27 min:sec, 95% CI = 40:54 to 45:58 min:sec; d = 0.09). The HYP 410 

group were quicker in TT2 (41:32 min:sec, 95% CI = 39:01 to 44:03 min:sec) compared to 411 

TT1 (44:48 min:sec, 95% CI = 42:02 to 47:33 min:sec; p = 0.006, d = -1.14). The HOT group 412 

were also quicker in TT2 (40:41 min:sec, 95% CI = 38:10 to 43:12 min:sec) compared to 413 

TT1 (42:43 min:sec, 95% CI = 39:58 to 45:29 min:sec, p = 0.05, d = -0.70).   414 

Power output during TT2 was increased from TT1 in the HYP and HOT groups (p < 0.05, 415 

Figure 6). Specifically PO was greater during each kilometer in HYP (Figure 6B), and greater 416 

between 1-8km and 14-16km in HOT (Figure 6C). HR and Trectal were no different during the 417 
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TT pre to post intervention in any experimental group (p > 0.05, Table 4). PSI was higher in 418 

the post intervention TT in the CON (p = 0.02) and HYP groups (p = 0.03).  419 

Upon completion of acclimation, HST2 and TT2, normoxic V̇O2peak was unchanged from 420 

pre-intervention values in all groups (CON: pre 51.4 ± 10.0mL.kg-1.min-1, post 51.9 ± 8.6 421 

mL.kg-1.min-1; HYP, pre 50.7 ± 4.7 mL.kg-1.min-1, post 51.4 ± 5.4; HOT, pre 52.3 ± 7.1 422 

mL.kg-1.min-1, post 53.4 ± 6.5 mL.kg-1.min-1). Additionally, peak power output and power at 423 

lactate threshold also remained unchanged between groups upon completion of the 424 

experimental period.  425 

 426 

Discussion 427 

Summary of main findings 428 

The main finding of this study is that fixed-work heat acclimation reduces physiological 429 

strain, as assessed by exercising HR and Trectal, and improves cycling TT performance in 430 

acute normobaric hypoxia. Moreover this effect was comparable to the decreased 431 

physiological strain and enhanced performance achieved with hypoxic acclimation and 432 

occurred despite no post acclimation improvement in V̇O2peak or lactate threshold in any 433 

experimental group. Therefore, the hypothesis pertaining to heat acclimation resulting in 434 

improved systemic hypoxic tolerance is accepted. At a cellular level both HOT and HYP 435 

increased resting mHSP72 prior to the second HST, supporting the hypothesis that both heat 436 

and hypoxic acclimation would enhance cellular tolerance. As a result the cellular stress 437 

response to hypoxia was blunted in the HYP and HOT groups. Interestingly, eHIF-1α was 438 

elevated in both HYP and HOT immediately post exercise after the initial acclimation 439 

session. Thereafter an increased resting concentration was only noted following HYP (48 440 

hours post HST). Increased baseline eHIF-1α led to a blunted post hypoxic exercise eHIF-1α 441 

response in the HYP group, whereas data from the HOT group was equivocal, indicating that 442 

further study on eHIF-1α and related downstream markers regulated by this oxygen sensing 443 

gene following heat acclimation are warranted.  444 

Heat and hypoxic cross-acclimation 445 
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Heat acclimation induced a greater adaptive stimulus at lower levels of metabolic strain, and 446 

in a shorter time frame compared to hypoxic acclimation. This occurred despite the HYP 447 

group completing sessions at a higher relative intensity (61 ± 0.5% of H V̇O2peak).  Exercise 448 

durations of up to 90 min, as frequently utilized in acclimation protocols (de Castro 449 

Magalhães et al., 2010;Gibson et al., 2015b;Gibson et al., 2015c) increase the variability in 450 

trial duration between hypoxia and heat stress (Lee et al., 2014a). Therefore matching both 451 

cardiovascular strain and exercise duration during the initial phase of acclimation was 452 

achieved by using a workload of 50% N V̇O2 peak for 60 min (Lee et al., 2014a). While 453 

cardiovascular strain in the HOT and HYP groups were each higher than CON during the 454 

initial phases of acclimation, the total physiological strain was greatest in the HOT group as a 455 

result of the elevated Trectal (Table 1).  456 

It is accepted that the sudomotor and cardiovascular adaptations to heat stress are completed 457 

within 7 – 10 days of daily exposure (Garrett et al., 2009;Castle et al., 2011). The typical 458 

indicators of heat acclimation, such as reduced exercising HR and Trectal and increased PV 459 

and sweat rate were observed in the present study and were similar in magnitude to previous 460 

work using an identical heat acclimation protocol (Castle et al., 2011). We are confident 461 

therefore that participants attained a heat acclimated state. Mechanistically, an increased 462 

vascular filling time mediated by PV expansion is thought to improve cardiovascular stability 463 

during exercise-heat stress (Patterson et al., 2004). The observed PV expansion in the present 464 

study was maintained until the second HST (+4%, 48 hours after the final acclimation 465 

session). Although causality cannot be determined, it is feasible that the greater PV in HST2 466 

mediated the increase in exercise SV thereby reducing HR as observed in the HOT group. 467 

Additionally, exercise Trectal and PSI were reduced during HST2, likely as a result of the 468 

increased sweat rate. While a reduction in exercise heat gain may improve perceptions of 469 

exercise difficulty it is unlikely to impact on exercise performance when conditions are 470 

compensable (Cheung et al., 2000). Instead, a reduced exercise Trectal induces a leftward shift 471 

in the oxyhemoglobin dissociation curve, theoretically enhancing oxygen saturation during 472 

exercise (White et al., 2014;Gibson et al., 2015c), which is a more crucial aspect of hypoxic 473 

exercise tolerance than maintaining thermal balance in the compensable hypoxic conditions 474 

used in the present study. Our results show an improved exercise SpO2 in the HOT group 475 

post acclimation, occurring alongside greater cardiac stability. Both the reduction in HR, and 476 

the reduced blood viscosity (PV expansion) allows for a longer pulmonary system red 477 

corpuscle transit time, thereby allowing for a more complete heamoglobin re-saturation 478 
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(Dempsey et al., 1984). An enhancement in PV prior to an altitude sojourn may also mitigate 479 

against the carotid-chemoreceptor dependent diuresis, and subsequent reduced PV and 480 

associated reductions in left ventricular filling pressure, stroke volume and cardiac output 481 

observed during the initial weeks spent at moderate altitude (Dempsey and Morgan 2015).  482 

Our results are comparable to those previously observed following a period of isothermic 483 

heat acclimation (Gibson et al., 2015c). Isothermic methods of acclimation are suggested to 484 

offer a more complete adaptation because session by session workloads are imposed to 485 

achieve a target Trectal >38.5°C, thereby maintaining the adaptive stimulus (Fox et al., 486 

1964;Patterson et al., 2004;Taylor and Cotter, 2006;de Castro Magalhães et al., 2010;Gibson 487 

et al., 2015a;Gibson et al., 2015b;Gibson et al., 2015c). However, both fixed work and 488 

isothermic models of acclimation have been shown to offer comparable levels of acclimation 489 

at a systemic (Gibson et al., 2015b) and gene expression level (Gibson et al., 2015a), 490 

indicating each method possesses cross-acclimation and cross-tolerance potential.  491 

We observed no change in absolute V̇O2, in addition to a reduction in hypoxic exercise HR 48 492 

hours after acclimation, indicating an improvement in gross efficiency as determined from 493 

oxygen pulse (O2 pulse). Gibson et al., (2015c) noted similar improvements in O2 pulse 494 

during hypoxic exercise completed 24 hours after the final isothermic acclimation session. 495 

Together these data illustrate that both fixed load and isothermic acclimation methods induce 496 

a heat acclimated phenotype which also induces similar reductions in cardiovascular and 497 

thermoregulatory strain upon exposure to subsequent normobaric hypoxic exercise. We 498 

observed no post acclimation change in N V̇O2peak in all experimental groups, thus the 499 

possibility that improved physiological strain occurred as a result of an improved post heat 500 

acclimation V̇O2peak and subsequent reduction in relative exercise intensity can be 501 

discounted (Lorenzo et al., 2010). Unfortunately we did not conduct a post-acclimation 502 

hypoxic V̇O2peak test, so the role heat acclimation has on hypoxic aerobic capacity could not 503 

be determined.  504 

The duration, frequency and total number of intermittent normobaric hypoxic exposures 505 

required to acclimate to later normobaric hypoxia is unclear. Our present data indicates that 506 

while SpO2 was increased during exercise in parallel with a decrease in exercising HR on day 507 

10 of acclimation, full hypoxic acclimation was unlikely to have been achieved. The time 508 

course required to achieve a more complete adaptation to normobaric hypoxia may therefore 509 
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require either additional exposures, or an extended daily hypoxic exercise duration. For 510 

example, intermittent hypobaric hypoxic exposures have reported a 2-3% increase in exercise 511 

SpO2, a 9-20 bpm drop in heart rate, and a 150-160mL drop in V̇O2, and a 6.1 minute (16% 512 

improvement) in TT performance following 7 daily 4-hour resting exposures (Beidleman et 513 

al., 2008). In contrast, the same authors reported no change in performance following a 514 

matched experimental approach utilizing normobaric methods (Beidleman et al., 2009). The 515 

discrepancy in results was attributed to a loss of ventilatory acclimation during the 60 hour 516 

period between the last acclimation session and follow up testing (Beidleman et al., 2009). In 517 

the present study it is possible a loss of ventilatory adaptation occurred during the 48 hour 518 

period between the last acclimation session and second HST, accounting for the lack of 519 

improved physiological tolerance during HST2. The results suggest that heat acclimation 520 

offers a more persistent and time efficient means of improving cardiac stability during 521 

subsequent normobaric hypoxic exercise. Furthermore, this was attained at a lower level of 522 

metabolic strain compared to when the same absolute exercise intensity was conducted in 523 

normobaric hypoxia. The optimal duration and frequency required to elicit adaptation to 524 

normobaric hypoxia requires further study to enable additional comparisons between 525 

environments.  526 

Heat and hypoxic cross-tolerance 527 

Our data show that a 10 day period of fixed-work exercise acclimation in both heat and 528 

hypoxic conditions enhances basal mHSP72 (Figure 2B). Interestingly, the magnitude of 529 

mHSP72 accumulation was similar between HYP and HOT despite the greater total 530 

physiological strain accrued during heat acclimation (Figure 2C). The time course of HSP72 531 

accumulation throughout a period of heat or hypoxic acclimation has not been studied. 532 

Therefore, it cannot be determined whether the different levels of physiological strain 533 

observed between conditions in the early phase of acclimation leads to a more rapid or more 534 

gradual induction of protective cellular processes. An enhanced reserve of HSP72 is one of 535 

the hallmarks of cross tolerance observed in rodent models (Maloyan et al., 1999;Horowitz, 536 

2007;Horowitz and Robinson, 2007). In humans, acclimation to both heat and hypoxia has 537 

been shown to elicit increases in basal HSP72 (McClung et al., 2008;de Castro Magalhães et 538 

al., 2010;Taylor et al., 2011;Taylor et al., 2012) suggesting cross-tolerance potential exists. 539 

Increased post exercise mHSP72 is likely mediated by an increase in thermal and 540 

physiological strain in conditions of heat stress (Lee et al., 2014a;Périard et al., 2015), and a 541 
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transient increase in oxidative stress under hypoxic stress (Taylor et al., 2011;Taylor et al., 542 

2012). The results from the HOT group are similar to those reported by others using either 543 

fixed workload (Yamada et al., 2007;McClung et al., 2008;Hom et al., 2012) or isothermic 544 

heat acclimation methods (de Castro Magalhães et al., 2010). Additionally, we observed 545 

increases in resting mHSP72 following HYP acclimation, a response also previously 546 

observed following 10 daily resting exposures to a similar magnitude of hypoxia (Taylor et 547 

al., 2012). However, we are unable to determine whether the increase in mHSP72 observed 548 

following hypoxic acclimation was a result of hypoxia per se, and the known increases in 549 

oxidative stress that occur in such conditions, or whether the increased relative work-load 550 

experienced in HYP was the main driver of the enhanced basal mHSP72. The physiological 551 

and cellular strain induced in our control group was not sufficient to induce any changes in 552 

mHSP72, which may be due to no substantial exercise induced changes in Trectal, nor any 553 

exercise induced increase in oxidative stress. 554 

It is well established that the regulation of HSP synthesis is dependent on the levels existing 555 

within the cell (Kregel, 2002). Consequently, prior to acclimation we observed an inverse 556 

relationship between basal mHSP72 and the magnitude of post exercise increase in this 557 

protein. After acclimation this relationship was no longer present as a result of the increased 558 

presence of mHSP72 within the cell. Under non-stressed conditions HSP72 is bound to 559 

HSF1. When the cell is exposed to one of the myriad of stressors that require HSP72 560 

chaperone function, HSP72 binds to denatured proteins, freeing HSF1 to migrate to the 561 

nucleus and bind with the heat shock element (HSE). More HSP72 protein is then 562 

transcribed, and continues to bind with denatured proteins until equilibrium is restored. 563 

Excess HSP72 then binds with the HSF1 and transcription is halted (Morimoto, 1998). 564 

Therefore, as acclimation progresses and basal HSP72 is accumulated, the cell becomes more 565 

robust to the daily challenge to homeostasis imparted via a fixed model of acclimation. As a 566 

result, the stress required to sequester HSP72 from HSF1, to begin further transcription, has 567 

to cross a new threshold.  It is this mechanism of HSP72 action that makes the constant daily 568 

strain imparted by isothermic methods of acclimation an attractive model for imparting 569 

cellular tolerance (Taylor and Cotter, 2006;Gibson et al., 2015c). However, as our data show, 570 

mHSP72 protein is enhanced after 10 days acclimation using a simple fixed workload model, 571 

in agreement with the elegant work of Gibson et al., (2015, 2015a). Furthermore, the elevated 572 

basal mHSP72 persisted for at least 48 hours after removal from the heat and hypoxic 573 

acclimation stimuli, suggesting achievement of a persistent phenotypic shift towards an 574 
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acclimated state. Subsequently, basal mHSP72 was higher before HST2 compared to HST1 575 

in both the experimental groups and the post exercise increase in mHSP72 was attenuated in 576 

both HOT and HYP. The role of increased cellular tolerance on physiological function 577 

requires greater scrutiny, as we show that while both modes of acclimation enhance cellular 578 

reserves of mHSP72, only the heat acclimated group demonstrated improved physiological 579 

function in later hypoxic exercise.  Our data support previous observations pertaining to 580 

improved cellular tolerance following heat and hypoxic acclimation (Levi et al., 581 

1993;Maloyan and Horowitz, 2005;Taylor et al., 2012;Lee et al., 2014b;Gibson et al., 2015c).  582 

HIF-1α, the global regulator of cellular and systemic oxygen homeostasis, has also been 583 

suggested to play an important role in heat and hypoxic cross tolerance in rodent models ( 584 

Maloyan et al., 2005), with increased concentrations and related gene transcripts observed 585 

following heat acclimation (Maloyan et al., 2005). However the role of HIF-1α during 586 

acclimation in humans has not been studied. We show that hypoxic acclimation induced a 587 

doubling of HIF-1α in the circulation, an increase that was maintained until the second HST. 588 

Subsequently, the post HST2 eHIF-1α response was blunted in HYP. We also show an 589 

increase in eHIF-1α after the initial heat acclimation session, suggesting that this pathway 590 

may be an important mechanism for both heat acclimation and cross-tolerance in humans. 591 

However we acknowledge that the source, function and relationship eHIF-1α has with 592 

intracellular HIF-1α (iHIF-1α) is presently unknown. Therefore while these results are novel, 593 

caution is required in their interpretation. Further research is required to determine the 594 

relationship between eHIF-1α and iHIF-1α and other HIF-1α associated genes and circulating 595 

markers of hypoxic adaptation (e.g. erythropoietin). Doing so will establish the utility of 596 

eHIF-1α as a biomarker of acclimation and cross-acclimation. 597 

Hypoxic time trial performance before and after acclimation 598 

We show, for the first time, that heat acclimation can improve exercise performance under 599 

conditions of acute normobaric hypoxia to levels that were comparable to those observed 600 

following hypoxic stress. TT performance may have been enhanced following heat 601 

acclimation as a result of greater metabolic efficiency and glycogen sparing during the initial 602 

40-minute steady-state pre-load trial (Febbraio et al., 2002;Lorenzo et al., 2010). 603 

Unfortunately no measurements of muscle glycogen content were possible in the present 604 

investigation. The reduced post exercise BLa in the absence of a change in V̇O2peak or lactate 605 

thresholds, in combination with improved exercise efficiency (O2 pulse) indicates a more 606 
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efficient aerobic profile.  Heat acclimation is known to reduce BLa concentrations for a given 607 

intensity (Young et al., 1985;Febbraio et al., 1994). In the present study, mean exercise blood 608 

lactate was lower in HST2 following both heat and hypoxic acclimation. It has been 609 

suggested that an increase in plasma volume following heat acclimation may have an effect 610 

on BLa via an increase in blood flow through the splanchnic circulation, thereby enhancing 611 

lactate removal and delaying accumulation (Lorenzo et al., 2010). It is possible that such an 612 

effect during HST2 may have led to glycogen sparing via a reduced rate of glycogenesis prior 613 

to the TT, thereby preserving glycogen reserves and facilitating a greater maintenance of 614 

power output during the TT.  Alternatively, the increased TT performance may have occurred 615 

as a result of a learning effect following the multiple exercise sessions. However, we took 616 

care to ensure that participants were familiarized to the TT protocol in advance. In addition, 617 

we validated the pre-loaded TT in our laboratory prior to testing using participants with 618 

similar characteristics (Lee et al, 2015). Finally, if performance changes were a result of a 619 

learning effect we would expect to see a similar effect in the control group. Instead it appears 620 

that the experimental groups had an altered pacing strategy as a result of the acclimation 621 

period, with systematic kilometer by kilometer increases in power output, HR, and 622 

physiological strain observed in the HYP group, and an altered starting and finishing strategy 623 

adopted by the HOT group (Figure 6).   624 

Study limitations 625 

The results of the present investigation are relevant only to those individuals with a moderate 626 

aerobic capacity and should not be applied to those with elite physiology. However, the 627 

maintenance of SpO2 following either HOT or HYP acclimation is likely of more importance 628 

for more well trained individuals, as they typically experience reduced haemoglobin 629 

saturation due to typically larger cardiac outputs and  reduced time for gas exchange at higher 630 

work-rates (Powers et al., 1989).  However, examining physiological responses to hypoxia 631 

following acclimation to heat is of interest to athletes that undergo hypoxic training camps. 632 

The potential use of heat acclimation to increase ability to tolerate greater work-rates upon 633 

arrival to altitude could allow for the maintenance of training volumes and intensities during 634 

the initial sessions. However, the role prior acclimation to heat has on longer term hypoxic 635 

adaptation has yet to be explored. Additionally, our data only examined normobaric hypoxia. 636 

It is possible that responses under ecologically valid hypobaric hypoxic conditions could be 637 

different thus future study is required.  638 
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Wider application of our results 639 

Our data indicate that heat based exercise offers a more efficient systemic acclimation 640 

response to hypoxia in the time frame examined than normobaric hypoxic training offers, 641 

which may have relevance to athletes and military personnel requiring a time-effective means 642 

of increasing work capabilities in conditions of moderate hypoxia. An enhancement in 643 

cardiac efficiency following repeated heat exposures may be desirable in military populations 644 

or individuals sojourning to moderate altitude for short durations without the means or time 645 

to fully acclimatize before completing work tasks. Additionally, implementing a 646 

hyperthermic stimulus to elicit cross-acclimation responses can be achieved with little 647 

specialist equipment compared to the chambers or sojourns required to enable altitude 648 

adaptation.  649 

Conclusion 650 

We show, for the first time, that heat acclimation can improve exercise performance under 651 

conditions of acute normobaric hypoxia to levels that were comparable to those observed 652 

following hypoxic acclimation. Fixed work heat acclimation is shown to be an effective 653 

intervention when improvements in hypoxic exercise tolerance or endurance performance are 654 

required. It was demonstrated that heat acclimation was a more effective and longer term (48 655 

hours post acclimation) means of improving systemic hypoxic tolerance, as quantified by 656 

exercise HR and SpO2, than a matched duration and work period of hypoxic acclimation. 657 

Both heat and hypoxic acclimation elicit similar changes at the protein level, with each 658 

increasing basal HSP72 and eHIF-1α, along with attenuation of post HST HSP72 and eHIF-659 

1α responses to an acute bout of hypoxic exercise. These data confirm previous findings 660 

using isothermic models of acclimation and illustrate that increasing physiological strain via 661 

exercise-heat stress is an effective, and simple to administer, intervention for invoking both 662 

cross-acclimation and cellular cross-tolerance in humans.  663 

Acknowledgements 664 

The authors would like to thank the participants for their time and adherence during a 665 

demanding study period. We would also like to thank Miss Susie Wilson and Mr Roy 666 

Petticrew for excellent technical assistance throughout, and Miss Rebecca Owen, Mr Michael 667 

Linney and Mr Tarran Peplar for their assistance during periods of data collection.  668 

Provisional



23 

 

References  669 

Assayag, M., Saada, A., Gerstenblith, G., Canaana, H., Shlomai, R., and Horowitz, M. 670 

(2012). Mitochondrial performance in heat acclimation—a lesson from 671 

ischemia/reperfusion and calcium overload insults in the heart. American Journal of 672 

Physiology-Regulatory, Integrative and Comparative Physiology 303, R870-R881. 673 

Beidleman, B.A., Muza, S.R., Fulco, C.S., Cymerman, A., Sawka, M.N., Lewis, S.F., and 674 

Skrinar, G.S. (2008). Seven intermittent exposures to altitude improves exercise 675 

performance at 4300 m. Med Sci Sports Exerc 40, 141-148. 676 

Beidleman, B.A., Muza, S.R., Fulco, C.S., Jones, J.E., Lammi, E., Staab, J.E., and 677 

Cymerman, A. (2009). Intermittent hypoxic exposure does not improve endurance 678 

performance at altitude. Med Sci Sports Exerc 41, 1317-1325. 679 

Borg, G. (1976). Simple rating methods for estimation of perceived exertion. Physical work 680 

and effort, 39-46. 681 

Castle, P., Mackenzie, R.W., Maxwell, N., Webborn, A.D., and Watt, P.W. (2011). Heat 682 

acclimation improves intermittent sprinting in the heat but additional pre-cooling 683 

offers no further ergogenic effect. Journal of sports sciences 29, 1125-1134. 684 

Cheung, S.S., Mclellan, T.M., and Tenaglia, S. (2000). The thermophysiology of 685 

uncompensable heat stress. Sports Medicine 29, 329-359. 686 

Colquhoun, D. (2014). An investigation of the false discovery rate and the misinterpretation 687 

of p-values. Royal Society Open Science 1, 140216. 688 

De Castro Magalhães, F., Amorim, F.T., Passos, R.L.F., Fonseca, M.A., Oliveira, K.P.M., 689 

Lima, M.R.M., Guimarães, J.B., Ferreira-Júnior, J.B., Martini, A.R., and Lima, N.R. 690 

(2010). Heat and exercise acclimation increases intracellular levels of Hsp72 and 691 

inhibits exercise-induced increase in intracellular and plasma Hsp72 in humans. Cell 692 

Stress and Chaperones 15, 885-895. 693 

Dempsey, J., Hanson, P., and Henderson, K. (1984). Exercise‐induced arterial hypoxaemia in 694 

healthy human subjects at sea level. The Journal of Physiology 355, 161-175. 695 

Ely, B.R., Lovering, A.T., Horowitz, M., and Minson, C.T. (2014). Heat acclimation and 696 

cross tolerance to hypoxia. Temperature 1, 107-114. 697 

Febbraio, M.A., Snow, R., Hargreaves, M., Stathis, C., Martin, I., and Carey, M. (1994). 698 

Muscle metabolism during exercise and heat stress in trained men: effect of 699 

acclimation. Journal of Applied Physiology 76, 589-597. 700 

Febbraio, M.A., Steensberg, A., Walsh, R., Koukoulas, I., Hall, G.V., Saltin, B., and 701 

Pedersen, B.K. (2002). Reduced glycogen availability is associated with an elevation 702 

in HSP72 in contracting human skeletal muscle. The Journal of Physiology 538, 911-703 

917. 704 

Fehrenbach, E., Niess, A.M., Veith, R., Dickhuth, H.-H., and Northoff, H. (2001). Changes of 705 

HSP72-expression in leukocytes are associated with adaptation to exercise under 706 

conditions of high environmental temperature. Journal of leukocyte biology 69, 747-707 

754. 708 

Fox, R., Goldsmith, R., Hampton, I., and Lewis, H. (1964). The nature of the increase in 709 

sweating capacity produced by heat acclimatization. The Journal of physiology 171, 710 

368-376. 711 

Fregly, M.J. (2011). Adaptations: some general characteristics. Comprehensive Physiology. 712 

Garrett, A.T., Goosens, N.G., Rehrer, N.G., Patterson, M.J., and Cotter, J.D. (2009). 713 

Induction and decay of short-term heat acclimation. European journal of applied 714 

physiology 107, 659-670. 715 

Provisional



Gibson, O., Mee, J., Taylor, L., Tuttle, J., Watt, P., and Maxwell, N. (2015a). Isothermic and 716 

fixed‐intensity heat acclimation methods elicit equal increases in Hsp72 mRNA. 717 

Scandinavian journal of medicine & science in sports 25, 259-268. 718 

Gibson, O.R., Mee, J.A., Tuttle, J.A., Taylor, L., Watt, P.W., and Maxwell, N.S. (2015b). 719 

Isothermic and fixed intensity heat acclimation methods induce similar heat 720 

adaptation following short and long-term timescales. Journal of thermal biology 49, 721 

55-65. 722 

Gibson, O.R., Turner, G., Tuttle, J.A., Taylor, L., Watt, P.W., and Maxwell, N.S. (2015c). 723 

Heat Acclimation attenuates physiological strain and the Hsp72, but not Hsp90α 724 

mRNA response to acute normobaric hypoxia. Journal of Applied Physiology, jap. 725 

00332.02015. 726 

Heled, Y., Peled, A., Yanovich, R., Shargal, E., Pilz-Burstein, R., Epstein, Y., and Moran, 727 

D.S. (2012). Heat acclimation and performance in hypoxic conditions. Aviation, 728 

space, and environmental medicine 83, 649-653. 729 

Hom, L.L., Lee, E.C.-H., Apicella, J.M., Wallace, S.D., Emmanuel, H., Klau, J.F., Poh, P.Y., 730 

Marzano, S., Armstrong, L.E., and Casa, D.J. (2012). Eleven days of moderate 731 

exercise and heat exposure induces acclimation without significant HSP70 and 732 

apoptosis responses of lymphocytes in college-aged males. Cell Stress and 733 

Chaperones 17, 29-39. 734 

Horowitz, M. (2007). Heat acclimation and cross-tolerance against novel stressors: genomic–735 

physiological linkage. Progress in brain research 162, 373-392. 736 

Horowitz, M., Eli-Berchoer, L., Wapinski, I., Friedman, N., and Kodesh, E. (2004). Stress-737 

related genomic responses during the course of heat acclimation and its association 738 

with ischemic-reperfusion cross-tolerance. Journal of Applied Physiology 97, 1496-739 

1507. 740 

Horowitz, M., and Robinson, S.D. (2007). Heat shock proteins and the heat shock response 741 

during hyperthermia and its modulation by altered physiological conditions. Progress 742 

in brain research 162, 433-446. 743 

Hutter, M.M., Sievers, R.E., Barbosa, V., and Wolfe, C.L. (1994). Heat-shock protein 744 

induction in rat hearts. A direct correlation between the amount of heat-shock protein 745 

induced and the degree of myocardial protection. Circulation 89, 355-360. 746 

Kregel, K.C. (2002). Invited review: heat shock proteins: modifying factors in physiological 747 

stress responses and acquired thermotolerance. Journal of applied physiology 92, 748 

2177-2186. 749 

Kuennen, M., Gillum, T., Dokladny, K., Bedrick, E., Schneider, S., and Moseley, P. (2011). 750 

Thermotolerance and heat acclimation may share a common mechanism in humans. 751 

American Journal of Physiology-Regulatory, Integrative and Comparative Physiology 752 

301, R524-R533. 753 

Lee, B.J., Emery-Sinclair, E.L., Mackenzie, R.W., Hussain, A., Taylor, L., James, R.S., and 754 

Thake, C.D. (2014a). The impact of submaximal exercise during heat and/or hypoxia 755 

on the cardiovascular and monocyte HSP72 responses to subsequent (post 24 h) 756 

exercise in hypoxia. Extreme physiology & medicine 3, 15. 757 

Lee, B.J., Mackenzie, R.W., Cox, V., James, R.S., and Thake, C.D. (2014b). Human 758 

Monocyte Heat Shock Protein 72 Responses to Acute Hypoxic Exercise after 3 Days 759 

of Exercise Heat Acclimation. BioMed Research International. 760 

Levi, E., Vivi, A., Hasin, Y., Tassini, M., Navon, G., and Horowitz, M. (1993). Heat 761 

acclimation improves cardiac mechanics and metabolic performance during ischemia 762 

and reperfusion. Journal of Applied Physiology 75, 833-833. 763 

Lorenzo, S., Halliwill, J.R., Sawka, M.N., and Minson, C.T. (2010). Heat acclimation 764 

improves exercise performance. Journal of Applied Physiology 109, 1140-1147. 765 

Provisional



25 

 

Maloyan, A., Eli-Berchoer, L., Semenza, G.L., Gerstenblith, G., Stern, M.D., and Horowitz, 766 

M. (2005). HIF-1α-targeted pathways are activated by heat acclimation and contribute 767 

to acclimation-ischemic cross-tolerance in the heart. Physiological genomics 23, 79-768 

88. 769 

Maloyan, A., Palmon, A., and Horowitz, M. (1999). Heat acclimation increases the basal 770 

HSP72 level and alters its production dynamics during heat stress. American Journal 771 

of Physiology-Regulatory, Integrative and Comparative Physiology 276, R1506-772 

R1515. 773 

Mcclung, J.P., Hasday, J.D., He, J.-R., Montain, S.J., Cheuvront, S.N., Sawka, M.N., and 774 

Singh, I.S. (2008). Exercise-heat acclimation in humans alters baseline levels and ex 775 

vivo heat inducibility of HSP72 and HSP90 in peripheral blood mononuclear cells. 776 

American Journal of Physiology-Regulatory, Integrative and Comparative Physiology 777 

294, R185-R191. 778 

Moran, D.S., Shitzer, A., and Pandolf, K.B. (1998). A physiological strain index to evaluate 779 

heat stress. American Journal of Physiology-Regulatory, Integrative and Comparative 780 

Physiology 275, R129-R134. 781 

Morimoto, R.I. (1998). Regulation of the heat shock transcriptional response: cross talk 782 

between a family of heat shock factors, molecular chaperones, and negative 783 

regulators. Genes & development 12, 3788-3796. 784 

Na'ama, A.S., Horowitz, M., Alexandrovich, A.G., Tsenter, J., and Shohami, E. (2005). Heat 785 

acclimation increases hypoxia-inducible factor 1α and erythropoietin receptor 786 

expression: implication for neuroprotection after closed head injury in mice. Journal 787 

of Cerebral Blood Flow & Metabolism 25, 1456-1465. 788 

Patterson, M.J., Stocks, J.M., and Taylor, N.A. (2004). Sustained and generalized 789 

extracellular fluid expansion following heat acclimation. The Journal of physiology 790 

559, 327-334. 791 

Périard, J., Ruell, P., Thompson, M., and Caillaud, C. (2015). Moderate-and high-intensity 792 

exhaustive exercise in the heat induce a similar increase in monocyte Hsp72. Cell 793 

Stress and Chaperones, 1-6. 794 

Selkirk, G.A., Mclellan, T.M., Wright, H.E., and Rhind, S.G. (2009). Expression of 795 

intracellular cytokines, HSP72, and apoptosis in monocyte subsets during exertional 796 

heat stress in trained and untrained individuals. American Journal of Physiology-797 

Regulatory, Integrative and Comparative Physiology 296, R575-R586. 798 

Taylor, L., Hillman, A.R., Midgley, A.W., Peart, D.J., Chrismas, B., and Mcnaughton, L.R. 799 

(2012). Hypoxia-mediated prior induction of monocyte-expressed HSP72 and HSP32 800 

provides protection to the disturbances to redox balance associated with human sub-801 

maximal aerobic exercise. Amino acids 43, 1933-1944. 802 

Taylor, L., Midgley, A.W., Chrismas, B., Hilman, A.R., Madden, L.A., Vince, R.V., and 803 

Mcnaughton, L.R. (2011). Daily hypoxia increases basal monocyte HSP72 expression 804 

in healthy human subjects. Amino acids 40, 393-401. 805 

Taylor, N.A., and Cotter, J.D. (2006). Heat adaptation: guidelines for the optimisation of 806 

human performance: review article. International SportMed Journal: The Extreme 807 

Environment and Sports Medicine: Part 2 7, p. 33-57. 808 

Tetievsky, A., Cohen, O., Eli-Berchoer, L., Gerstenblith, G., Stern, M.D., Wapinski, I., 809 

Friedman, N., and Horowitz, M. (2008). Physiological and molecular evidence of heat 810 

acclimation memory: a lesson from thermal responses and ischemic cross-tolerance in 811 

the heart. Physiological genomics 34, 78-87. 812 

Umschweif, G., Alexandrovich, A.G., Trembovler, V., Horowitz, M., and Shohami, E. 813 

(2013). Hypoxia-inducible factor 1 is essential for spontaneous recovery from 814 

Provisional



traumatic brain injury and is a key mediator of heat acclimation induced 815 

neuroprotection. Journal of Cerebral Blood Flow & Metabolism 33, 524-531. 816 

White, A.C., Salgado, R.M., Schneider, S., Loeppky, J.A., Astorino, T.A., and Mermier, 817 

C.M. (2014). Does heat acclimation improve exercise capacity at altitude? A cross-818 

tolerance model. Int J Sports Med 35, 975-981. 819 

Yamada, P.M., Amorim, F.T., Moseley, P., Robergs, R., and Schneider, S.M. (2007). Effect 820 

of heat acclimation on heat shock protein 72 and interleukin-10 in humans. Journal of 821 

Applied Physiology 103, 1196-1204. 822 

Young, A.J., Sawka, M.N., Levine, L., Cadarette, B.S., and Pandolf, K.B. (1985). Skeletal 823 

muscle metabolism during exercise is influenced by heat acclimation. Journal of 824 

Applied Physiology 59, 1929-1935. 825 

  826 

 827 

 828 

 829 

 830 

 831 

 832 

 833 

 834 

 835 

 836 

 837 

 838 

 839 

 840 

Provisional



27 

 

Table 1.  Cardiovascular, thermoregulatory and perceptual responses at rest and during 841 

exercise for day 1 and day 10 of the acclimation period. Data are means ± SD for all 21 842 

participants. 843 

 Day 1 Day 10 

Variable CON HYP HOT CON HYP HOT 

USG 1.004 ± 0.01 1.020 ± 0.01 1.020 ± 0.01 1.010 ± 0.01 1.010 ± 0.01 1.020 ± 0.01 

UOSMO (mOsms.kg-1) 553 ± 254 465 ± 239 444 ± 234 320 ± 105 331 ± 176  463 ± 217 

Haemoglobin (g/dL-1) 15.1  ± 0.9 14.9  ± 0.6 15.5  ± 1.0 14.9  ± 1.0 15.4  ± 0.4 14.8  ± 0.9* 

Haemotocrit  0.44  ± 0.01 0.45  ± 0.02 0.44  ± 0.02 0.44  ± 0.02  0.43  ± 0.02 0.45  ± 0.01 

Plasma volume (%) 55.8  ± 1.2 55.6  ± 2.3 55.9  ± 2.3 56.9  ± 2.0 53.3  ± 1.1 59.3  ± 2.2# 

HR rest (bts.min-1) 71 ± 11 71 ± 13 78 ± 15 70 ± 10 71 ± 14 67 ± 11 

Trectal rest (°C) 37.04 ± 0.19 37.09 ± 0.18 37.19 ± 0.12 37.09 ± 0.12 36.96 ± 0.21 36.93 ± 0.26# 

Mean HR (bts.min-1) 135 ±  11 151 ±  13+ 151 ±  11^ 135 ± 12 137 ± 9# 137 ± 12* 

Mean Trectal (°C) 37.76 ±  0.25 37.86 ±  0.45 38.26 ± 0.11+ ψ 37.73 ± 0.22 37.70 ± 0.21 37.72 ± 0.18# 

Mean PSI (AU) 4.39 ± 0.84 5.14 ± 0.78 5.91 ± 0.66^ ψ 4.26 ± 0.85 4.35 ± 0.61# 4.62 ± 0.48# 

∆ Trectal (°C) 0.72 ± 0.30 0.77 ± 0.44 1.08 ± 0.17^ ψ 0.63 ± 0.25 0.77 ± 0.25 0.78 ± 0.22* 

∆ Body mass (kg) 0.76 ± 0.36 0.84 ± 0.38 1.01 ± 0.60^ ψ 0.70 ± 0.31 0.87 ± 0.34 1.90 ± 0.31#^ ψ 

Mean RPE 12 ± 1 12 ± 2 12 ± 2 11 ± 1 10 ± 2 11 ± 2 

Mean TS 4.8 ± 0.2 4.7 ± 0.6 6.3 ± 0.4+ ψ 4.4 ± 0.5 4.1 ± 0.6 5.4 ± 0.4* 

* different from acclimation day 1 (p < 0.05) within group.                                                              844 

# different from acclimation day 1 (p < 0.01) within group.                                                                  845 

+ different from CON (p < 0.05)                                                                                                          846 

^ different from CON p (< 0.01)                                                                                                     847 

ψ different from HYP (p < 0.05) 848 

 849 

 850 

 851 

 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 
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Table 2.  Cardiovascular and thermoregulatory measurements at the end of the resting period 860 

during HST1 and HST2. Data are means ± SD for all 21 participants. 861 

 HST 1 HST 2 

Variable CON HYP HOT CON HYP HOT 

Haemoglobin (g.dL-1) 15.2 ± 0.70 14.5 ± 0.3 15.5 ± 1.4 15.2 ± 0.9 15.2 ± 0.8 15.1 ± 1.3 

Haematocrit (%) 0.44 ± 0.02 0.45 ± 0.01 0.46 ± 0.03 0.45 ± 0.02 0.44 ± 0.02 0.46 ± 0.02 

Plasma volume (%) 55.2  ± 2.3 55.2  ± 2.31 53.9  ± 2.1 55.6  ± 2.1 52.7  ± 3.4* 55.8  ± 2.5* 

HR  (bts.min-1) 79 ± 8 81 ± 11 82 ± 16 82 ± 12 79 ± 18 79 ± 11 

Plasma lactate (mmol-1) 1.51  ± 0.36 1.73  ± 0.52 1.55  ± 0.47 1.57  ± 0.41 1.44  ± 0.29 1.49  ± 0.57 

Plasma glucose (mmol-1) 5.01  ± 0.97 4.81  ± 1.36 5.40  ± 0.99 4.87  ± 0.80 4.62  ± 0.52 4.54  ± 0.63 

Stroke Volume (mL.bt-1) 79.9 ± 9.0 78.2 ± 14.8 78.1 ± 15.0 78.1 ± 11.5 77.2 ± 12.2 78.0 ± 18.2 

Cardiac Output (L.min-1) 6.3 ± 1.0 6.3 ± 1.1 6.3 ± 1.1 6.4 ± 1.6 6.1 ± 1.5 6.2 ± 1.8 

SpO2 (%) 89 ± 2 89 ± 2 89 ± 3 89 ± 4 89 ± 3 91 ± 2 

V̇E (L.min-1) 15.4 ± 4.0 13.7 ± 2.0 16.0 ± 2.5 15.4 ± 3.2 14.3 ± 1.6 16.5 ± 2.7 

V̇O2 (L.min-1) 0.36 ± 0.11 0.30 ± 0.07 0.36 ± 0.06 0.36 ± 0.11 0.32 ± 0.06 0.38 ± 0.12 

Trectal (°C) 37.14 ± 0.15 37.02 ± 0.15 37.11 ± 0.20 37.19 ± 0.17 37.14 ± 0.16 37.08 ± 0.15 

* different from HST1 (p < 0.05) within group.                                                              862 
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Table 3.  Mean exercise cardiovascular, metabolic, thermoregulatory and perceptual measurements 863 

during HST1 and HST2. Data are mean ± SD for all 21 participants. 864 

  865 

* different from HST1 to HST2 (p < 0.05) within group                                                                         866 

♯ different from HST1 to HST2 (p < 0.01) within group 867 

 HST 1 HST 2 

Variable CON HYP HOT CON HYP HOT 

HR (bts.min-1) 139 ± 5 145 ± 15 140 ± 14 140 ± 8 144 ± 16 131 ± 9♯ 

Stroke volume (mL.bt-1) 104 ± 12 112 ± 13 99 ± 10 103 ± 11 107 ± 8 103 ± 11 

Cardiac output (L.min-1) 14.5 ± 1.8 16.1 ± 1.9 13.8 ± 1.3 14.3 ± 1.9 15.8 ± 1.4 13.5 ± 1.1 

SpO2 (%) 

Oxygen pulse (mL.bt-1) 

82 ± 4 

12.6 ± 2.3 

82 ± 2 

11.8 ± 1.3 

83 ± 3 

11.5 ± 1.4 

82 ± 3 

12.6 ± 2.1 

83 ± 3* 

11.7 ± 1.4 

85 ± 2♯ 

12.2 ± 1.4* 

VE BTPS (L.min-1) 60.8 ± 10.4 63.2 ± 10.1 60.8 ± 5.0 59.2 ± 12.6 65.0 ± 9.0 58.8 ± 3.2 

V̇O2 (L.min-1) 1.76 ± 0.34 1.71 ± 0.26 1.60 ± 0.10 1.77 ± 0.35 1.68 ± 0.22 1.60 ± 0.14 

V̇CO2 (L.min-1) 1.69 ± 0.31 1.71 ± 0.23 1.57 ± 0.13 1.65 ± 0.38 1.66 ± 0.28 1.52 ± 0.12 

RER 0.96 ± 0.06 1.00 ± 0.06 0.98 ± 0.06 0.93 ± 0.08 0.98 ± 0.09 0.95 ± 0.06 

Plasma lactate (mmol-1) 3.44 ± 1.42 3.88 ± 2.08 3.25 ± 1.56 3.31 ± 1.39 3.03 ± 1.09 2.50 ± 0.87 

Plasma glucose (mmol-1) 4.87 ± 1.13 5.07 ± 0.71 4.50 ± 0.98 4.65 ± 1.08 4.90 ± 1.16 4.77 ± 0.68 

Trectal (°C) 37.61 ± 0.14 37.72 ± 0.18 37.55 ± 0.18 37.63 ± 0.11 37.69 ± 0.20 37.40 ± 0.14♯ 

ΔTrectal (°C) 0.46 ± 0.19 0.70 ± 0.12 0.44 ± 0.36 0.44 ± 0.20 0.68 ± 0.20 0.32 ± 0.20* 

PSI (AU) 4.2 ± 0.5 4.8 ± 0.6 4.1 ± 0.6 4.1 ± 0.6 4.8 ± 0.6 3.6 ± 0.4♯ 

RPE  13 ± 1 12 ± 2 12 ± 2 12 ± 1 10 ± 2 11 ± 1 

TS 3.9 ± 0.5 4.2 ± 0.8 4.3 ± 0.8 3.7 ± 0.4 4.0 ± 0.4 4.0 ± 0.4 Provisional



  

Table 4. Individual data and mean ± SD data for performance variables during TT1 and TT2.868 

 Performance Time 

(mins) 

Percent  

change 

Heart rate 

(bts.min-1) 

 

Trectal (°C) 

 

PSI (AU) 

 

 

CON TT1 TT2  TT1 TT2 TT1 TT2 TT1 TT2 

1 42.06 42.08 0.05% 161 160 37.94 38.14 4.94 5.73 

2 41.03 40.46 -1.39% 159 165 37.73 38.10 5.52 6.20 

3 51.21 50.59 -1.21% 140 156 37.94 37.74 4.14 4.91 

4 39.41 38 -3.58% 178 183 38.22 38.23 6.62 7.57 

5 41.44 44 6.18% 148 153 38.03 38.61 4.79 6.14 

6 41.54 41 -1.30% 173 173 38.00 38.00 6.41 6.25 

7 45 48.11 6.91% 177 175 38.01 38.04 6.48 6.48 

Mean + SD 43.1 ± 4.2 43.5 ± 4.3 0.8 ± 3.3 162 ± 15 166 ± 11 37.98  ±  0.14 38.12  ±  0.26 5.56 ±  0.97 6.18 ±  0.80 

HYP          

8 43 42.47 -1.23% 131 136 37.83 37.70 5.28 4.76 

9 47.48 41.32 -12.97% 127 126 37.80 37.95 4.84 6.58 

10 41.34 39.3 -4.93% 166 170 38.32 38.74 7.06 8.27 

11 45.21 41.36 -8.52% 154 154 37.94 37.97 5.46 5.94 

12 41.55 39.09 -5.92% 137 160 37.66 38.31 4.71 5.53 

13 51.59 43.19 -16.28% 158 157 38.25 38.25 5.57 6.49 

14 43.46 44.1 1.47% 171 173 38.03 38.12 5.83 6.19 

Mean + SD 45.0 ± 4.0 41.5 ± 1.7 -6.9 ± 5.5 157 ± 13 162 ± 15 37.98 ±  0.24 38.15 ±  0.33 5.54 ± 0.78 6.25 ±  1.09 

HOT          

15 39 37.35 -4.23% 168 170 38.08 38.04 6.94 6.86 

16 41.12 40.12 -2.43% 174 175 38.05 37.92 6.37 6.27 

17 43.4 42 -3.23% 162 157 38.23 37.90 6.72 5.82 

18 46.45 43.26 -6.87% 149 147 38.03 37.93 4.88 5.37 

19 45.45 44.25 -2.64% 176 184 38.12 38.11 6.26 7.01 

20 40.46 38.32 -5.29% 151 156 37.80 37.80 4.31 5.35 

21 43.25 39.55 -8.55% 172 173 38.18 38.33 5.97 6.72 

Mean + SD 42.7 ± 2.9 40.7 ± 2.8 -4.8 ± 1.7 164 ± 11 166 ± 13 38.07 ± 0.14 38.00 ± 0.17 5.92 ± 0.97 6.20 ± 0.70 
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Figure Legends 869 

Figure 1. Schematic of the experimental design, anthropometric and physiological characteristics of 870 

participants, indicating the typical days on which specific tests were undertaken.  871 

Figure 2. Monocyte HSP72 responses before and after the acclimation period. A: mHSP72 is 872 

increased post exercise on day 1 of HYP and HOT, but not CON. B: Resting mHSP72 was 873 

unchanged in CON and increased in HYP and HOT on day 10 of acclimation compared to day 1 of 874 

acclimation. Subsequently, the post exercise mHSP72 response in HYP and HOT was attenuated 875 

compared to post exercise on day 1. C: The magnitude of change in resting mHSP72 on day 10 of 876 

acclimation was no different between HYP and HOT (C). Open bars and shaded bars represent pre 877 

and post exercise, respectively. Lines (A and B) and dots (C) represent individual participant 878 

responses (n = 21) and bars show the mean group response. The dashed line (C) represents baseline 879 

mHSP72. * different from day 1 pre-exercise (p < 0.01). # different from control (p < 0.01).  880 

Figure 3. Extracellular HIF-1α responses before and after the acclimation period. A: eHIF-1α is 881 

increased following an acute period of hypoxic exercise and is more variable following HOT. No 882 

post exercise changes in eHIF-1α were seen in CON B: Resting eHIF-1α was elevated after 10 days 883 

of HYP and HOT acclimation, blunting the post exercise response on day 10 of acclimation. No 884 

changes in eHIF-1α were observed in CON. C: The magnitude of change in resting eHIF-1α on day 885 

10 of acclimation was no different between HYP and HOT. Open bars and shaded bars represent pre 886 

and post exercise, respectively. Lines (A and B) and dots (C) represent individual participant 887 

responses (n = 21) and bars the mean group response. The dashed line (C) represents baseline HIF-888 

1α. + different from day 1 rest (p < 0.05). # different from control (p < 0.01). ^ different from day 1 889 

pre exercise (p < 0.10).  890 

Figure 4. Monocyte HSP72 before and after HST1 and HST2. A: mHSP72 is increased after a HST 891 

in 20 of 21 participants. B: Resting mHSP72 was increased prior to onset of HST2 in HYP and HOT. 892 

The post exercise increase in mHSP72 was subsequently only observed in CON. C: The magnitude 893 

of change in resting mHSP72 prior to HST2 was not different between HYP and HOT and were each 894 

elevated in comparison to CON. Lines (A and B) and dots (C) represent individual participant 895 

responses and bars the mean group response (n = 21). The dashed line (C) represents baseline 896 

mHSP72. † different from pre-exercise (p < 0.01). ¥ different from HST1 pre-exercise (p < 0.05). * 897 

different from HST1 pre-exercise (p < 0.01).    898 

Figure 5. Extracellular HIF-1α responses before and after HST1 and HST2. A: eHIF-1α increased in 899 

response to exercise in HST1 in all experimental groups. B: Prior to HST2 resting levels of eHIF-1α 900 

were elevated in HYP when compared to pre HST1, and showed a varied individual response in HOT 901 

.eHIF-1α increased in response to exercise in HST2 in CON, but was unchanged in both HYP and 902 

HOT, although individual variation in the data is present. C: The magnitude of change in resting 903 

eHIF-1α was not different between HYP and HOT prior to HST2, and each were elevated in 904 

comparison to CON. Lines (A and B) and dots (C) represent individual participant responses and bars 905 

the mean group response. The dashed line (C) represents baseline HIF-1α. Different from rest (p < 906 

0.01) within trial * different from HST1 pre-exercise (p < 0.01). ¥ different from HST1 pre-exercise 907 

(p < 0.05). Ŧ different from HST2 pre-exercise (p < 0.10).  908 

Figure 6. Mean power output during each kilometer of the 16.1km time trial for CON (A), HYP (B) 909 

and HOT (C). * difference from TT1 (p < 0.05).  910 
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