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Abstract 49 
Passive hyperthermia induces a range of physiological responses including augmenting skeletal 50 
muscle mRNA expression. This experiment aimed to examine gene and protein responses to 51 
prolonged passive leg hyperthermia. Seven young participants underwent 3 h of resting unilateral leg 52 
heating (HEAT) followed by a further 3 h of rest, with the contralateral leg serving as an unheated 53 
control (CONT). Muscle biopsies were taken at baseline (0 h), and 1.5, 3, 4, and 6 h in HEAT and 0 54 
and 6 h in CONT to assess changes in selected mRNA expression via qRT-PCR, and HSP72 and 55 
VEGFα concentration via ELISA. Muscle temperature (Tm) increased in HEAT plateauing from 1.5 to 56 
3 h (+3.5±1.5°C from 34.2±1.2°C baseline value; p<0.001), returning to baseline at 6 h. No change 57 
occurred in CONT. eNOS, FOXO-1, Hsp72, and VEGFα mRNA increased in HEAT (p<0.05) however 58 
post-hoc analysis identified that only Hsp72 mRNA statistically increased (at 4 h vs. baseline). When 59 
peak change during HEAT was calculated ANGPT-2 decreased (-0.4±0.2-fold), and CCL2 (+2.9±1.6-60 
fold), FOXO-1 (+6.2±4.4-fold), Hsp27 (+2.9±1.7-fold), Hsp72 (+8.5±3.5-fold), Hsp90α (+4.6±3.7-fold), 61 
and VEGFα (+5.9±3.1-fold) increased from baseline (all p<0.05). At 6 h Tm were not different between 62 
limbs (p=0.582; CONT=32.5±1.6°C, HEAT=34.3±1.2°C), and only ANGPT-2 (p=0.031;-1.3±1.4-fold) 63 
and VEGFα (p=0.030;1.1±1.2-fold) differed between HEAT and CONT. No change in VEGFα or 64 
HSP72 protein concentration were observed over time, however, peak change in VEGFα did increase 65 
(p<0.05) in HEAT (+140±184 pg.mL-1) vs CONT (+7±86 pg.mL-1). Passive hyperthermia transiently 66 
augmented ANGPT-2, CCL2, eNOS, FOXO-1, Hsp27, Hsp72, Hsp90α and VEGFα mRNA, and 67 
VEGFα protein. 68 
  69 
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Introduction 70 
Physiological responses to passive heating have been subject to experimental interest to further 71 
understand applications and mechanisms associated with therapeutic hyperthermia (also described 72 
as thermal therapy or heat therapy)(1, 2). Several beneficial responses, apparently similar to exercise 73 
training(3) have been reported in a range of relevant health and disease contexts e.g., ameliorated 74 
metabolic status(4–8), improved cardiovascular risk factors(3, 9–16), and enhanced muscle 75 
function(8, 17–21). Given these positive outcomes, heat therapy has been proposed as an alternative 76 
or precursor to exercise training in those unwilling or unable to engage in physical activity(2, 22, 23). 77 
Different physiological responses occur in response to whole body vs regional heating(24–28). 78 
However, elevations in local or systemic temperature increase blood flow and shear stress facilitating 79 
micro- and macrovascular adaptation(1) and increased circulation of microvesicles(29). Concurrent 80 
with these adaptations are molecular responses.  81 
 82 
To date passive heating has been demonstrated as a modifier of an abundance of direct angiogenic 83 
and metabolic regulatory genes(27, 28, 30), and heat shock proteins [HSP (protein), Hsp (gene)] 84 
which further facilitate or contribute to adaptation(1). HSPs are a family of multifunctional proteins 85 
classified by molecular weight which support correct protein function and are therefore considered 86 
important contributors for inducing desirable adaptations(2, 31). HSPs are located across multiple 87 
tissue sites targeted by heat therapy, including skeletal, cardiac, vascular smooth muscle, and the 88 
central nervous system(32). It has been shown that inducing hyperthermia in both limbs, or the thigh 89 
alone, for a period of 90 min, promotes the expression of angiogenic regulatory and Hsp genes in 90 
human skeletal muscle(28). In that study gene expression relative to the baseline sample was 91 
augmented 30 min post lower limb heating [VEGFα, CCL2, ANGPT2, Hsp27, Hsp72, and Hsp90α, 92 
see table 1 for further gene details](28). Although most changes had acquiesced 2 h post heating 93 
(except FOXO1 and CX3L1), these data support the efficacy of local passive heating as a tool for 94 
augmenting skeletal muscle gene expression. Using a similar experimental design, it has also been 95 
demonstrated that 1 h of whole-body, but not single leg hyperthermia, augments anabolic 96 
(Akt/mTOR), mitochondrial, and Hsp signalling(27). The lack of change in the single leg heating model 97 
opposes the previously discussed work(28), suggesting that a signalling threshold had not been 98 
surpassed. Physiological data collected in that study(27) identified that whole body heating increased 99 
muscle, skin, and core temperature, but single leg heating only increased local skin and muscle 100 
temperature. This points to a role of one of those factors in augmenting the magnitude of expression 101 
in a direct or indirect manner.  102 
 103 
Interestingly from a methodological viewpoint, with serial timepoint sampling the peak change in 104 
mRNA can be calculated on an individual participant basis across an intervention(27). This highlights 105 
that individual variability in the time course of gene expression exists and emphasises that the time-106 
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course of heating-induced gene response is incompletely understood. Further, though data are 107 
consistent in demonstrating a significant increase in Hsp mRNA expression, and protein accumulation 108 
in response to combined exercise-heat stress(33–39), the magnitude of Hsp response to passive 109 
heating (a more feasible clinical intervention) has also not been adequately described. Further to this, 110 
whilst acute and repeated passive hyperthermia of <90 min can increase angiogenic and/or HSP 111 
protein concentrations(17, 18, 40), whether prolonging local hyperthermia elicits a greater change 112 
has not been examined. Collectively these data point towards a need to further characterise the 113 
skeletal muscle gene expression response, and subsequent alterations in protein concentration 114 
following local hyperthermia with a view to further enhancing the understanding of the therapeutic 115 
potential of heat therapy interventions. Specifically, to determine whether a longer heating duration 116 
i.e., 3 h vs 1.5 h augments the timecourse and magnitude of transcriptional response, and whether 117 
the calculation of change differs depending on the timepoints utilised.  118 
 119 
The aims of this experiment were to examine the time course of selected gene and protein responses 120 
to prolonged (3 h) local passive leg hyperthermia, and subsequent recovery (3 h) in comparison to an 121 
unheated leg. It was hypothesised that limb heating-induced local skeletal muscle hyperthermia, 122 
would activate the expression of angiogenic and regulatory genes, and increase heat shock protein 123 
expression, with minimal alterations in systemic or contralateral limb responses. Further to this it was 124 
hypothesised that a single bout of prolonged local skeletal muscle hyperthermia would increase 125 
VEGFα and HSP72 skeletal muscle protein concentration.  126 
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Method 127 
Participants 128 
Seven healthy participants (two females) participated in the study (age 23 ± 2 yrs., height 172.6 ± 9.9 129 
cm, mass 76.2 ± 13.3 kg, BMI 25.5 ± 3.6 kg.m2, whole limb volume 9882 ± 1373 mL, lean limb volume 130 
8768 ± 920 mL). All participants were non-smokers and free from known cardiorespiratory, metabolic, 131 
and neurological diseases. Participants arrived at the laboratory postprandial and euhydrated (urine 132 
osmolality <700 mOsmolkgH2O-1(41)). They were required to have abstained from strenuous 133 
exercise and alcohol intake for >48 h and caffeine consumption for >12 h. A priori power analysis 134 
using data from a similar study [protocol 3,(28)] and established statistical conventions (α=0.05, 135 
β=0.8) had identified that six participants would be required to determine pre-post heating differences 136 
between heating and control limbs (the primary research question). Written informed consent was 137 
obtained from the participants prior to the study. All procedures were approved by the Brunel 138 
University London Research Ethics Committee (7692-A-Feb/2018-11768-1) and conformed to the 139 
guidelines of the Declaration of Helsinki. 140 
 141 
Experimental design 142 
Participants attended one experimental visit which commenced at 08.00±01.00 a.m. and following 143 
instrumentation and a period of supine rest (~0.5 h), baseline measurements preceded a protocol 144 
involving 3 h of unilateral whole leg passive heating (HEAT) whilst the contralateral control leg 145 
remained unheated (CONT). The passive limb heating device has been described previously(26, 42, 146 
43), briefly a custom-built water-perfused trouser covered the entire leg, before being wrapped in foil 147 
blankets sealed with medical tape. The trouser was connected to a thermostatically controlled 148 
circulator (Julabo F-34; Seelbach) to allow a constant perfusion of 50°C water. Following removal of 149 
the passive heating stimulus, participants rested supine for a further 3 h. All measurements were 150 
taken every 0.5 h with a mean of a 60 s period recorded unless otherwise stated. 151 
 152 
Experimental protocols 153 
Upon arrival at the laboratory, participants voided, and stature and nude body mass were recorded 154 
whilst wearing shorts and a t-shirt (SECA model 798, Hamburg, Germany). To determine whole and 155 
lean limb volume the circumference of the heated limb was measured via an anthropometric tape 156 
measure at descending anatomical markers, with anterior and posterior skinfold thickness at the thigh, 157 
and medial and lateral skinfold thickness at the calf recorded using callipers (Harpenden, Burgess 158 
Hill, UK)(44). Following anthropometric measures, participants inserted a rectal thermistor to a 159 
marked depth of 15 cm (RET-1 Physitemp, USA) to measure core temperature (Tcore) and entered 160 
the environmental chamber (Procema, UK; maintained at 21.6 ± 1.4°C) positioning themselves supine 161 
on a custom bed for instrumentation. A 3-lead ECG (PowerLab 26T and LabChart 7, ADI Instruments, 162 
UK) was affixed to the participant and an infrared photoplethysmography arterial blood pressure 163 
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device cuff positioned on the arm and on the middle finger of the right hand (Finometer; FMS, 164 
Netherlands). Stroke volume (SV) was estimated using the ModelFlow method included with the 165 
Beatscope computer software package (Beatscope; FMS, Netherlands), with cardiac output (Q̇) 166 
calculated following corrections for age, height, and mass (45). For measurement of intramuscular 167 
temperatures (Tm), sterile implantable thermocouples (T-204f, PhysiTemp, USA) were inserted into 168 
the mid-portion of the vastus lateralis muscle of the heated and control leg using a 22-gauge catheter 169 
(BD Venflon; Becton-Dickson) at a depth of 2.5 cm. Skin surface temperature (Tsk) of the heated and 170 
control limb was measured via thermocouples (IT-18, PhysiTemp, USA) affixed to the skin over the 171 
belly of the thigh (Tthigh) and calf (Tcalf). Additionally, Tsk was measured at forehead (Thead), over the 172 
belly of the right pectoralis major (Tchest) and left triceps brachii (Tarm) and on the dorsal surface of the 173 
left and right foot (TFOOT) using surface temperature loggers (Hygrochron iButton, USA) set to record 174 
data at 60 s intervals. Torso temperature (Ttorso) was calculated from an unweighted average of Thead, 175 
Tchest, and Tarm, leg skin temperature (Tleg) was calculated from an unweighted average of Tthigh , Tcalf , 176 
and Tfoot. Thermocouples were connected to a thermocouple meter (TC-2000, Sable Systems, NV, 177 
USA) and collected at 1000 Hz using commercially available data acquisition and analysis systems 178 
(PowerLab 26T, AD Instruments, LabChart 7, AD Instruments). Breath by breath (Vyntus, Carefusion) 179 
collection of expired metabolic gases occurred for 5 min to quantify whole body oxygen uptake (V̇O2), 180 
carbon dioxide production (V̇CO2), minute ventilation (V̇E), breathing frequency (Fb), tidal volume (V̇T) 181 
and to facilitate the calculation of respiratory exchange ratios (RER). Perceptual responses included 182 
whole body thermal comfort (TCOMF) and thermal sensation (TSENS) determined on a five (from 1, 183 
comfortable, to 5, very uncomfortable) and seventeen (from 0.0, unbearably cold, to 8.0, unbearably 184 
hot) point scale respectively (46), and the rating of perceived exertion (RPE) measured using a 15-185 
point Borg scale (from 6, very very light, to 20, very very hard) (47). 186 
 187 
Tissue and blood sampling, and analysis 188 
A total of seven muscle biopsy samples were taken during the experiment, with five samples obtained 189 
from the heated limb (at 0, 1.5, 3, 4, and 6 h timepoints) and two samples obtained from the control 190 
limb (at 0 and 6 h). A contralateral comparison model was implemented to increase statistical power 191 
by reducing the amount of between-person variability and reduce the time, cost and discomfort 192 
associated with this invasive study (48). Skeletal muscle tissue was sampled from the vastus lateralis 193 
adjacent to the Tm site in sterile conditions under local anaesthetic (Xylocaine, 1%) using a 7 mm 194 
Bergström biopsy needle and manual suction (49). Following each biopsy, the incision was closed 195 
with steristrips and covered with a sterile dressing. For the 1.5 h sample the biopsy procedure was 196 
conducted through a custom opening in the water perfused trouser to minimize heat loss. Serial 197 
samples were obtained ~2 cm distally or proximally from one another. Following sampling, tissue was 198 
rinsed immediately in an ice cold 0.9% NaCl solution, and then immediately transferred to a 1.5 mL 199 
microtube and snap frozen in liquid nitrogen. Samples were then stored at −86°C for later analysis.  200 
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 201 
For determination of selected gene transcript responses (table 1; ThermoFisher Scientific, UK), a ~30 202 
mg portion of the muscle sample was homogenized in 10 µL of β-Mercaptoethanol and 1 mL of Buffer 203 
RLT Plus. The homogenate was subsequently analysed via qRT-PCR in duplicate with responses 204 
characterized against the chosen housekeeping gene glyceraldehyde-3-phosphate dehydrogenase 205 
(GAPDH) by a commercial analytical laboratory (NMI Natural and Medical Sciences at the University 206 
of Tübingen, Reutlingen, Germany). Total RNA was isolated using the RNeasy fibrous tissue Mini Kit 207 
(#74704; Qiagen) according to the manufacturer’s recommendations. The samples were digested 208 
using the DNase provided prior to synthesis of cDNA. cDNA was synthesised in the presence of 209 
hexanucleotides in a reaction volume of 15 μL using MMuLV reverse transcriptase (New England 210 
Biolabs #M0203L). To check for contamination by genomic DNA, for each sample a mock reaction 211 
lacking reverse transcriptase (-RT) was carried out. Samples then underwent a pre-amplification step 212 
(TaqMan™ PreAmpMaster Mix Kit). For the real-time PCR reaction, 1.25 μL of cDNA were employed. 213 
HSP72 (CV=2.5%) and VEGFα (CV=13.2%) protein concentrations were determined at all timepoints 214 
using commercially available ELISA kits (ThermoFisher Scientific) and normalized per mg of total 215 
protein via the Bradford method (ThermoFisher Scientific). Due to insufficient tissue sample, the 4 h 216 
timepoint (all participants) and participant #7 was excluded from the VEGFα analysis. For this reason, 217 
other genes demonstrating a change over time e.g. eNOS and FOXO1 were not analysed with HSP72 218 
and VEGFα chosen given greater prominence in thermal and exercise literature pertaining to heat 219 
therapy(1) and angiogenesis (75).  220 
 221 
***INSERT TABLE 1 NEAR HERE PLEASE*** 222 
 223 
Venous blood samples were taken at 0.5 h intervals via an 18-gauge cannula (BD Venflon; Becton-224 
Dickson) inserted into a superficial antecubital vein of the arm. Blood draws of ~7 mL occurred at 225 
timepoints corresponding with muscle biopsy sampling (0, 1.5, 3, 4, 6 h), and ~2 mL in volume for all 226 
other time points. An equivalent volume 0.9% NaCl solution (BD PosiFlush; Becton-Dickson) was 227 
flushed through the cannula to maintain patency following each blood draw. Whole blood was 228 
immediately aliquoted to determine hematocrit (Hct), hemoglobin (Hb), and whole blood glucose [Glu] 229 
concentrations. Hct was determined by the packed cell volume method under a microscope after 230 
standard centrifugation of sodium-heparinized capillary tubes (microhematocrit tubes, HaematoSpin 231 
1400 centrifuge; Hawksley), a mean of quadruplicate samples was recorded. Blood [Hb] was obtained 232 
by photometric analysis (HemoCue Hb 201+ System; HemoCue), and [Glu] was determined at only 233 
0, 1.5, 3, 4 and 6 h (HemoCue Glucose 201+ System; HemoCue), for both [Hb] and [Glu] a mean of 234 
triplicate samples was recorded.  235 
 236 
Statistical analysis 237 
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Data are presented as mean±SD unless otherwise indicated. All statistical analyses were carried out 238 
using SPSS software (Version 26) with significance for all analyses was set at p<0.05. All outcome 239 
variables were first checked for normality and sphericity. The Greenhouse Geisser correction for the 240 
F statistic and related degrees of freedom was used when data violated sphericity. One-way ANOVA 241 
was used to compare changes over time with a main effect followed up with Bonferroni adjusted post 242 
hoc comparisons. For non-parametric data (e.g., RPE, TCOMF, TSENS) a Friedman test was used 243 
to compare variables over time, with significance followed up with Wilcoxon signed rank tests 244 
comparing each timepoint to baseline. Two-way ANOVA was used to compare changes over time (0 245 
vs. 6 h) and between control and heated limbs, with main and interaction effects followed up with 246 
Bonferroni adjusted post hoc comparisons. Peak change in mRNA and protein concentration was 247 
compared between control and heated limbs using paired sample T-tests. Pearson’s correlation was 248 
performed between each of the peak and change of Tm, Tleg, and the peak change of all genes of 249 
interest which demonstrated a significant difference.   250 
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Results 251 
Physiological responses 252 
The Tm displayed a main effect for group (f=35.7, p=0.001), time (f=88.1, p<0.001), and an interaction 253 
effect (f=82.9, p<0.001). No difference in Tm at was observed at baseline but as per design differences 254 
occurred between HEAT and CONT from 0.5 h until 4 h, as displayed in Figure 1. The Tm increased 255 
(from baseline 34.7±0.9°C) in HEAT from 0.5 h to 3 h but was unchanged in CONT (baseline 256 
33.8±1.5°C). Specifically, in HEAT Tm increased from baseline to 37.6±0.1°C (after 1.5 h, p=0.007), 257 
and 38.1±0.6°C (3 h, p<0.001), this equating to a change from baseline of 3.0±1.0°C and 3.5±1.5°C 258 
respectively. Compared to CONT this was a +3.9±1.2°C and +5.2±1.7°C difference at 1.5 and 3 h 259 
(p<0.001). The post intervention phase subsequently saw a reduction in temperature relative to the 260 
heating phase after 4 h whereby Tm at 6 h had returned to baseline and was not different between 261 
limbs (p=0.582; CONT 32.5±1.6°C, HEAT 34.3±1.2°C).  262 
 263 
***INSERT FIGURE 1 NEAR HERE PLEASE*** 264 
 265 
The Tleg displayed a main effect for group (t=106.4, p<0.001), time (t=126.7, p<0.001), and an 266 
interaction effect (t=100.8, p<0.001). Tleg was greater in HEAT, from 0.5 h until 3 h (peak temperature 267 
39.5±1.0 °C), and greater than CONT from 0.5 h onwards. Figure 1. A main effect of time was 268 
observed for Tcore (t=4.8, p=0.032), and HR (t=6.3, p=0.003). Post hoc analysis did not identify a 269 
difference in Tcore from baseline (37.3±0.2°C) (Figure 1). Similarly, HR was unchanged from baseline 270 
(Table 2). TSENS reported a main effect for time (χ2=61.0, p<0.001) with post hoc differences from 271 
1 h until 3 h vs baseline (Table 2). In contrast, no statistical differences (p>0.05) were observed in 272 
Ttorso , Q̇, MAP, V̇O2, V̇CO2, RER, V̇E, [Glu], [Hb], Hct, RPE, TCOMF (p>0.05). All physiological and 273 
perceptual data are presented in Table 2. 274 
 275 
***INSERT TABLE 2 NEAR HERE PLEASE*** 276 
 277 
Gene responses over time in the heated limb 278 
Increased gene expression was observed over the course of the HEAT intervention for eNOS (f=3.9, 279 
p=0.014), Hsp72 (f=7.3, p<0.001), and VEGFα (f=3.7, p=0.018). Post hoc analyses identified that 280 
Hsp72 was higher at 4 h than baseline (p=0.048; +5.2±2.6-fold) (Figure 2). Post hoc differences could 281 
not be identified for eNOS and VEGFα (Figure 3). No effect (p>0.05) was observed for ANGPT2, 282 
CCL2, FOXO1, HIF-1α, Hsp27, Hsp60, Hsp90α, VASH-1, VEGFα.   283 
 284 
***INSERT FIGURE 2 NEAR HERE PLEASE*** 285 
***INSERT FIGURE 3 NEAR HERE PLEASE*** 286 
 287 
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At 6 h, ANGPT-2 (f=7.8, p=0.031) was lower in HEAT than CONT, and VEGFα (f=8.0, p=0.030) was 288 
higher in HEAT than CONT, with no difference observed in any other genes at this end point of the 289 
protocol (p>0.05).  290 
 291 
Gene responses between heated and control limb 292 
When peak change during HEAT was calculated, ANGPT-2 reduced (-0.4± 0.2; t=7.3, p<0.001), and 293 
CCL2 (2.9±1.6 fold; t=3.2, p=0.019), FOXO-1 (+6.2±4.4 fold; t=3.1, p=0.021), Hsp27 (+2.9±1.7 fold; 294 
t=2.9, p=0.029), Hsp72 (+8.5±3.5 fold; t=5.7, p=0.001), Hsp90α (+4.6±3.7 fold; t=2.5, p=0.044), and 295 
VEGFα (+5.9±3.1 fold; t=4.3, p=0.005) increased in comparison to baseline (Figure 4).  296 
 297 
***INSERT FIGURE 4 NEAR HERE PLEASE*** 298 
 299 
Table 3 demonstrates the percentage of participants reporting a peak increase at each timepoint 300 
within HEAT and the average time to peak expression. Of the genes that demonstrated a change 301 
from baseline, 4 h and 6 h demonstrated the greatest number of instances where peak expression 302 
occurred. The ANGPT-2 peaked at 2.1 ± 0.8 h, Hsp27 peaked at 3.9 ± 1.8 h, Hsp72 peaked at 4.8 ± 303 
1.7 h, and Hsp90α peaked at 4.5 ± 1.9 h. CCL2 (peak at 3.9 ± 1.6 h), FOXO-1 (peak at 3.3 ± 1.6 h) 304 
and VEGF (peak at 3.7 ± 1.9 h) did not demonstrate a clear temporal response with individual 305 
participants reporting peaks across the full range of timepoints. 306 
 307 
***INSERT TABLE 3 NEAR HERE PLEASE*** 308 
 309 
Peak change in HEAT was greater than the change in CONT for ANGPT-2 (t=3.9, p=0.008), FOXO-310 
1 (t=2.9, p=0.029), Hsp72 (t=5.5, p=0.002), Hsp90α (t=2.6, p=0.042), and VEGFα (t=4.1, p=0.006). 311 
There was no difference (p>0.05) in CCL2, eNOS, HIF1α, Hsp27, Hsp60, or VASH-1.  312 
 313 
ANGPT2  demonstrated a relationship with change in TLEG (r=0.839, p=0.018), and the peak change 314 
in Hsp72 demonstrated a relationship with FOXO1 (r=0.765, p=0.045), whilst VASH was related to 315 
Hsp27 (r=0.907, p=0.005). On the other hand, VEGFα demonstrated a relationship with eNOS 316 
(r=0.772, p=0.042), Hsp27 (r=0.821, p=0.023), and VASH (r=0.803, p=0.030). 317 
 318 
Protein responses 319 
No change was observed in HSP72 concentration within the experimental limb during the five 320 
timepoints measured in HEAT (f=0.8, p=0.522). Additionally, when examining protein concentration 321 
at baseline and 6 h between CONT and HEAT, no main effect of group (f=0.5, p=0.498), time (f=0.3, 322 
p=0.594), or interaction (f=0.0, p=0.867) was observed. The peak change in HSP72 protein following 323 
HEAT was not difference to CONT (t=2.3, p=0.064). Like HSP72 (Figure 5), no change was observed 324 



 

 11 

in VEGFα concentration (n=6) during HEAT (f=4.7, p=0.072) or at baseline and 6 h between CONT 325 
and HEAT (group, f=0.8, p=0.409; time, f=3.6, p=0.115; interaction, f=4.8, p=0.081). The peak change 326 
in VEGFα  protein following HEAT was different to CONT (t=3.5, p=0.018). Hsp72 mRNA 327 
demonstrated a relationship with HSP72 protein concentration at the 6 h timepoint (r=0.781, p=0.038).  328 
 329 
***INSERT FIGURE 5 NEAR HERE PLEASE***  330 
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Discussion 331 
The 3 h passive leg heating rapidly increased intramuscular (vastus lateralis) temperature, Tm being 332 
elevated by 3.0-3.5°C (+5°C vs contralateral limb) between 1.5 to 3 h and then declining progressively 333 
to baseline values by 6 h, with no or minimal systemic and contralateral leg physiological response. 334 
Peak skeletal muscle gene transcription was favourably altered from baseline in the heated limb for 335 
heat shock proteins (Hsp27, Hsp72, and Hsp90α) and regulatory genes (ANGPT-2, CCL2, FOXO-1, 336 
and VEGFα). Examination of the time course of gene change eNOS, Hsp72, and VEGFα also 337 
demonstrated a change overall, however a timepoint specific change only occurred in Hsp72 at 4 h. 338 
Generally, the regulatory genes response which reported a change (i.e., ANGPT-2, CCL2, FOXO-1, 339 
and VEGFα) peaked during or at the end of the 3 h heating period (peak expression at 3.3 ± 1.6 h 340 
from baseline), with heat shock proteins (Hsp27, Hsp72, and Hsp90α) typically peaking during 341 
recovery (peak expression at 4.4 ± 1.8 h from baseline). Only ANGPT-2 and VEGFα differed between 342 
CONT and HEAT at the end of the study (6 h) highlighting a general return to baseline of augmented 343 
genes following the cessation of local hyperthermia. Together these transcriptional responses 344 
highlight that interindividual differences exist in response to local passive hyperthermia, with an 345 
augmentation of gene response albeit at different timepoints (Table 3). The inconsistency in gene 346 
response, the implementation of acute thermal stimuli, and/or relatively short window of observation 347 
may explain the lack of change in HSP72 and VEGFα protein concentrations over the full timecourse 348 
of the protocol. As with peak gene responses, the calculation of peak change in VEGFα led to 349 
difference between limbs, this points to inter-individual protein responses to the same intervention.  350 
 351 
Heat shock protein gene responses 352 
The skeletal muscle heat shock protein gene response to passive heating has not been extensively 353 
considered with published data presenting conflicting findings. Early data by Morton et al. (50) did not 354 
demonstrate any change in mRNA expression of Hsp27, Hsp60, or Hsp70(50) by passive 355 
hyperthermia increasing core (+1.5°C to 38.9±0.2°C) and muscle temperatures (+3.6°C to 356 
39.5±0.2°C) via 1 h of one-legged hot water immersion. These data are therefore in conflict with our 357 
findings. On closer inspection of those experimental methods, the post biopsy sample was taken ~48 358 
h following heating, a time point when our Hsp time course data, and others(28), now indicate post-359 
transcriptional concentrations would have returned to baseline. Following 90 min of local limb heating 360 
via water-perfused garments (without core temperature change), a 1.1-1.5-fold increase in Hsp27, 361 
Hsp60, Hsp72, and Hsp90 mRNA has been reported 30 min post heating(28). These data agree with 362 
the direction our findings (Figures 2 & 4). Within that experiment the comparison between only thigh 363 
heating, and lower body heating trials revealed no difference in the magnitude of change in gene 364 
response suggesting equivalent responses could be observed despite heating different tissue masses 365 
(and presumably eliciting subtly different muscle temperatures(26)). The absence of muscle 366 
temperature measurement does not allow a rigorous analysis of this hypothesis, however.  A 367 
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comparison between single leg and whole-body heating (muscle temperatures=38.1±0.6°C vs 368 
38.8±0.5°C, core temperature=37.1±0.1°C vs 39.1±0.3°C) saw increased Hsp25 (+50%), Hsp72 369 
(+362%) and Hsp90 (+64%) mRNA expression in whole body heating, but not in single leg 370 
heating(27). In that study authors concluded localized heating may be insufficient to increase Hsp 371 
gene expression when the duration and magnitude of the heat treatment is inadequate. Based on our 372 
correlation analysis timing of peak mRNA expression and subsequent gene degradation also poorly 373 
correlate with thermal response (Tm) thus other factors appear relevant. Our data add to this 374 
conversation by demonstrating that for the same muscle temperature (~38.1°C) an extended heating 375 
duration (rather than magnitude), causes similar increases in Hsp concentrations following single leg 376 
heating compared to whole body heating protocols. Our data, combined with animal studies (51), are 377 
indicative that absolute muscle temperature may not be critical in regulating the magnitude of Hsp 378 
mRNA response, however temperature range/increase in muscle temperature are potential factors in 379 
Hsp response once a ~37.6-38.1°C muscle temperature threshold has been surpassed (for a 380 
sufficient duration). The time course of human HSP responses to interactions of heat and/or exercise 381 
not been well examined either. Using downhill running in the heat as a model for creating maximal 382 
skeletal muscle stress, it has been observed that both Hsp72 and Hsp90α mRNA peak 30 min 383 
following exercise, with elevations persisting at 3 h post, but not 24 h post(52). Thirty minutes of 384 
exercise at the anaerobic threshold elicits equal increases in Hsp72 expression 30 min and 3 h 385 
following exercise(53), yet the timepoint of final decay was not characterised. Further, Hsp27 (+4-8-386 
fold) and Hsp72 (+15-20-fold) increases are typically greatest and most prolonged when eccentric 387 
exercise is undertaken with significant peaking between 4 and 8 h following contractions with 388 
maintained mRNA expression 24 h later(54). Similar observations have been made in a strength 389 
training paradigm(55) though the timing of the myogenic gene induction is variable, peaking 4–8 h 390 
postexercise, with all gene expression returning to baseline after 24 h. 391 
 392 
Angiogenic and regulatory gene responses 393 
In addition to changes in Hsp expression our data also highlight that local hyperthermia is effective in 394 
positively modifying the expression of angiogenic regulatory genes, specifically ANGPT-2 which 395 
reduced, and CCL2, eNOS, and VEGFα which increased. This is in contrast to previous work by other 396 
groups, which suggested that single leg models were ineffective at inducing changes in gene 397 
expression(27). However, in agreement with our study, Kuhlenhoelter et al.,(28), demonstrated that 398 
leg hyperthermia increased VEGFα by ~1.5 fold. Whilst CCL2 reduced in that experiment the 399 
reduction was attenuated relative to controls which may be considered analogous to our increase vs 400 
null control limb response(28). Regrettably in that study individual muscle temperatures and gene 401 
responses were not reported to confirm or refute the role this thermoregulatory variable has on 402 
individual responses a factor which limits interpretation of the magnitude and inter-individual range of 403 
response against our data. Understanding as to whether hyperthermia directly e.g., via temperature 404 
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sensing, or indirectly e.g., via shear stress(10, 56), induces mRNA signalling in heat therapy models 405 
remains equivocal and may be best assessed ex vivo. Given the central role that VEGFα plays in 406 
angiogenesis, including the influence on associated markers such as eNOS(57), examination of the 407 
time course of VEGFα expression is pertinent from a regulatory gene perspective. Sixty minutes of 408 
moderate intensity exercise elicits peak VEGFα increases (~4.5 fold) at 2 and 4 h post 409 
intervention(58), with a similar outcome when the duration (59) or intensity is increased (60). 410 
Prolonged two-legged knee extension exercise elicited increases in VEGFα mRNA 1.5 and 3 h after 411 
exercise onset, with the 9-fold increase peaking 1 h into recovery before returning to baseline after 412 
20 h. In comparison to these exercise protocols, our data demonstrate that passive heating can also 413 
induce increases in VEGFα albeit to a lesser degree than exercise of a similar duration(60). The 414 
difference in observed magnitude of response between passive heating and exercise models is 415 
perhaps unsurprising, given the difference in intensity of stimulus with heating delivering a lower 416 
‘intensity’ for the same duration. Nevertheless, passive heating induced changes in regulatory gene 417 
response are significant and have been shown to be sufficient to promote angiogenesis(17, 61). The 418 
observed relationships between genes e.g., the change in VEGFα and eNOS supports previous 419 
observations that VEGF receptor-2 upregulates eNOS and iNOS protein(57). The relationship 420 
between Hsp27 mRNA and VEGFα mRNA appears  novel, however this is likely related to the VEGF-421 
mediated cell migration and angiogenesis facilitated by HSP27, as demonstrated by work increasing 422 
extracellular concentrations via recombinant HSP27(62). Recently a study was undertaken to 423 
characterise the timecourse of changes in skeletal muscle regulatory gene expression in response to 424 
a session of high-intensity interval training(63) with the temporal pattern across the 23 genes of 425 
interest was highly variable (63). Both VEGFα and Hsp72 were included in the aforementioned 426 
analysis and demonstrated a peak change 9 h following exercise (Hsp72=+2.9-fold; VEGFα +1.3-427 
fold), albeit with the change in VEGFα falling short of statistical significance. Hsp72 changes returned 428 
to baseline after 48 h. Exercise protocols therefore also show variable timeframes for peak gene 429 
expression and our data demonstrates that is now also evident in passive heating protocols. The 430 
variable peaking of expression also seems to align with the functional role of the gene(s). It is 431 
important to acknowledge that the variability in gene response during exercise protocols is expected 432 
given the various modes, durations, and intensity and the subsequent impact on cardiovascular, 433 
metabolic and temperature responses. It might be considered more unexpected that variability exists 434 
during passive heating given the relatively homogenous stimuli, with this having implications for how 435 
such intervention or treatment might be delivered. Taken together these acute increases in regulatory 436 
gene responses provide further support for vascular responses and adaptations to heat therapy. Our 437 
data are therefore supportive of the potential for heat therapy to serve as an alternative, precursor or 438 
complement to exercise training in those unwilling or unable to engage in physical activity, yet would 439 
benefit from vascular adaptation(2, 22, 23).  440 
 441 
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Protein responses 442 
Though the HSP72 protein response to passive and exercise hyperthermia has been characterised 443 
in acutely extracellular fluid(4, 5, 37, 64–66), and at an intracellular level within circulating cells(34, 444 
67–74) few studies have examined the timecourse skeletal muscle response to hyperthermia. In 445 
support of our observation and previously discussed gene responses within skeletal muscle, Morton 446 
et al.,(50) reported no change in HSP72 48 h following passive heating. Further to this Kim et al.,(40) 447 
observing that passive heating following eccentric exercise did not alter HSP72 (and HSP90) protein 448 
concentration 24 h following treatment. Heating via shortwave diathermy has also elicited a null 449 
response in HSP72(18). These studies, and our data point towards a null response in HSP72 450 
intramuscular protein concentration following acute hyperthermia. A statistically significant, 45% 451 
increases in HSP72 following 2 h daily heating for 6 consecutive days(18), and +25% in response to 452 
2 hr daily heating during 10 days of limb immobilisation(20) highlighting the merits of chronic vs acute 453 
interventions. Our absence of changes over time in VEGFα protein concentration contrasts that of 454 
others who observed elevated VEGFα after one and five days of heat treatment following eccentric 455 
exercise(40). Interestingly the same group had previously observed that heating alone did not change 456 
VEGFα concentrations after four and eight weeks of treatment perhaps revealing context specific 457 
responses(17). Ambiguity in the acute VEGFα response in skeletal muscle has also been observed 458 
in exercise models(75), with some exercise studies observing increased concentrations(76–81) and 459 
others reporting null responses or decreases(58, 82). It is notable that despite our peak VEGFα 460 
protein responses differing statistically between HEAT and CONT (irrespective of timepoint), intra-461 
individual patterns of response point exist (Figure 5). This replicates the mRNA data within our study 462 
and the work of others(27), and published work examining protein content following acute exercise.  463 
 464 
Methodological considerations and limitations 465 
Given some previous work had created an equivocal picture of the relevance of a passive limb 466 
hyperthermia model, these data give reinforced credence to this method of local heat therapy and 467 
point to benefits arising from local applications that do not need to elicit systemic responses e.g., 468 
elevated core temperature. It is unlikely that the duration of exposure utilised in this study would be 469 
well tolerated in using a whole-body heating protocol such as sauna or water immersion, therefore 470 
local heating provides an opportunity for the intervention to be applied for prolonged periods. The lack 471 
of distinction in gene response between 1.5 h and 3 h timepoints suggests that prolonging 472 
hyperthermia will not lead to a greater magnitude of gene response however there could be added 473 
benefit to having gene expression elevated for a longer duration per session. The homogenous 474 
intramuscular temperature responses across timepoints during the heating phase (Figure 1) but 475 
differing timepoints associated with a peak gene response, and interindividual range of gene 476 
responses (see Figure 2 and 3) suggest that heat therapy interventions might be more effectively 477 
implemented when prescribed at an individual level. The caveats to that statement being that at the 478 
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current time the optimal individualisation variable remains unknown and should be further 479 
investigated. It remains to be fully determined whether an equivalent intervention reporting a null 480 
response in young healthy individuals would elicit a positive outcome in patients e.g., those with 481 
vascular disease. Accordingly, future experimental consideration should also be given to the 482 
population studied i.e., like our data most experimental work to date has examined responses in 483 
young, healthy participants, rather than the prospective clinical population requiring treatment. Given 484 
that the clinical populations at which this therapy might be targeted are unlikely to be able to tolerate 485 
significant exercise protocols, passive heating is perhaps a more accessible treatment regimen, and 486 
one that causes negligible observed systemic perturbation even when implemented for prolonged 487 
durations (Table 2).  Finally, to fully elucidate the role of muscle temperature on the magnitude of 488 
change in gene expression and protein concentration, further experimental work examining 489 
interactions between clamping muscle temperature at increasing magnitudes of local (skeletal 490 
muscle) hyperthermia (51, 83), across differing heating durations, is warranted.  491 
 492 
A limitation of this study is the lack of serial sampling of the control limb for changes in gene 493 
expression to confirm a null response throughout the intervention. With the exception of ANGPT-2 494 
and VEGFα which demonstrated a continued response following heating, the lack of difference 495 
between 0 h and 6 h measures in CONT for all other genes does however support the experimental 496 
design and highlights that the variability of measured gene expression does not explain the apparent 497 
differences among individuals. The absence of serial biopsy sampling in CONT also means that 498 
quantification of the potential effects of repeated biopsies during HEAT is not possible. Had these 499 
data been available in CONT, biological and methodological variability across the 3 h of heating and 500 
3 h of recovery could be quantified by subtracting the ∆CONT from ∆HEAT across timepoints. 501 
Nonetheless the delta between HEAT and CONT (Figure 4 and Figure 5) point to meaningful 502 
differences between interventions thus in spite of serial biopsy sampling in HEAT, a hyperthermi 503 
induced change above CONT was observed. Further to this, we acknowledge that whilst sufficient 504 
statistical power was observed for between leg comparisons and for some analyses (eNOS, Hsp72, 505 
VEGFα, ηp2 = 0.4-0.6), the observed power (0.55 – 0.76, ηp2 = 0.3-0.4) for ANGPT-2, Hsp27, 506 
Hsp90α indicates the study was underpowered for these genes. At a mechanistic level, circulating or 507 
systemic angiogenic mediators cannot be excluded from consideration as to beneficial factors arising 508 
from hyperthermia(11, 28, 84), nor can their influence on ANGPT-2 be discounted(85).  509 
 510 
Conclusion 511 
Prolonged (3 h) passive limb hyperthermia altered skeletal muscle ANGPT-2, CCL2, eNOS, FOXO-512 
1, Hsp27, Hsp72, Hsp90α, and VEGFα mRNA expression and increased the individual peak change 513 
in VEGFα protein concentration in healthy human participants, without modifying HSP72 protein 514 
concentration. Future applied and mechanistic work should acknowledge that angiogenic and heat 515 
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shock protein mRNA responses peak at different times between individuals undertaking passive limb 516 
hyperthermia protocols. It is unclear whether these differences impact the magnitude of adaptation if 517 
hyperthermia were to be repeated.  518 
 519 
Perspectives and Significance 520 
Prolonged passive leg hyperthermia transiently increases angiogenic mediators and heat shock 521 
proteins with minimal alterations in systemic or contralateral leg responses. These data point to the 522 
relevance of local mechanisms in augmenting ANGPT-2, CCL2, eNOS, FOXO-1, Hsp27, Hsp72, 523 
Hsp90α, and VEGFα mRNA expression. Differing temporal patterns in gene response, and null 524 
protein responses point to a need to further understand relevant mRNA and protein kinetics during 525 
prolonged passive leg hyperthermia interventions. 526 
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Figure legends 836 
 837 

 838 
Figure 1. Muscle temperature (Tm, circles), leg skin temperature (Tleg, squares), and core temperature 839 
(Tcore, triangles, p > 0.05 from baseline). Data are presented as Mean±SD (n =7). BL=baseline. * 840 
denotes difference from BL, † denotes difference from CONT. Blue represents CONT, red represents 841 
HEAT.  842 
 843 
 844 
 845 
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846 
Figure 2. Heat shock protein gene responses over time for HEAT (red bars) and CONT (blue bars) 847 
limbs. Individual data points are colour coded for each participant with squares representing female 848 
participants. Data are presented as Mean±SD (n=7). * denotes a main effect for time within gene 849 
(p<0.05). # denotes identified post hoc difference within HEAT (p<0.05).  850 
 851 
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 852 
  853 
Figure 3. Regulatory gene responses over time for HEAT (red bars) and CONT (blue bars). Individual 854 
data points are colour coded for each participant with squares representing female participants. Data 855 
are presented as Mean±SD (n=7).* denotes a main effect for time within gene (p<0.05).  + denotes 856 
difference between HEAT and CONT at 6 h timepoint.  857 
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 858 
Figure 4. Peak change in selected gene responses over time for HEAT (red bars) and CONT (blue 859 
bars) limbs. Individual data points are colour coded for each participant with squares representing 860 
female participants. Data are presented as Mean±SD (n=7). * denotes a difference from baseline 861 
within trial (p<0.05). † denotes a difference from CONT within HEAT (p<0.05).  862 
  863 
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 864 
Figure 5. HSP72 (n = 7) and VEGFα (n = 6) protein concentration over time for HEAT (red bars) and 865 
CONT (blue bars). Insert figure represents peak change. Individual data points are colour coded for 866 
each participant with squares representing female participants. Data are presented as Mean±SD for 867 
6-7 participants. * denotes a difference from CONT within HEAT (p<0.05) 868 
 869 
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Tables and legends 
 
Table 1. List of genes included in the analysis 
 

Full name Gene 
abbreviation 

Gene 
symbol Aliases Primers  

[Forward (F) & Reverse (R)] Role(s) 

Heat shock protein genes 

Heat shock protein family 
B (small) member 1 Hsp27 HSPB1 CMT2F, HEL-S-102, HMN2B, HS.76067, 

HSP27, HSP28, Hsp25, SRP27 
F: CACGAGGAGCGGCAGGACGAG 
R:CAGTGGCGGCAGCAGGGGTGG 

Chaperone activity, inhibition of apoptosis, regulation of 
cell and differentiation. 

Heat shock protein family 
D (Hsp60) member 1 Hsp60 HSPD1 CPN60, GROEL, HLD4, HSP-60, HSP60, 

HSP65, HuCHA60, SPG13 
F: GATGTCCTGGGCTGTTTCAT 
R: GCCTCGATCAAACTTCATGC Prevention of protein misfolding  

Heat shock protein family 
A (Hsp70) member 1A Hsp72 HSPA1A HEL-S-103, HSP70-1, HSP70-1A, 

HSP70.1, HSP70I, HSP72, HSPA1 
F: GGTGCTGACCAAGATGAAG 
R: CTGCGAGTCGTTGAAGTAG 

Correct folding of new or misfolded proteins. DNA 
repair. Induction of pro-inflammatory cytokines 

Heat shock protein 90 
alpha family class A 
member 1 

Hsp90α HSP90AA1 

EL52, HEL-S-65p, HSP86, HSP89A, 
HSP90A, HSP90N, HSPC1, HSPCA, 
HSPCAL1, HSPCAL4, HSPN, Hsp89, 
Hsp90, LAP-2, LAP2 

F: ATCAAACTTGGTCTGGGTATT 
R: GATGTGTCGTCATCTCCTTC 

Protein folding, maintenance, and degradation. 
Intracellular transport. Cell signaling. 

Regulatory genes 

Angiopoietin 2 ANGPT-2 ANGPT2 AGPT2, ANG2 F: TGGACAATTATTCAGCGACGTG 
R: GCTGGTCGGATCATCATGGTTG 

A member of the angiopoietin family of growth factors, 
an antagonist of angiopoietin-1 in blood vasculature. 

C-C motif chemokine 
ligand 2 CCL2 CCL2 GDCF-2, HC11, HSMCR30, MCAF, MCP-

1, MCP1, SCYA2, SMC-CF 
F: AGAATCACCAGCAGCAAGTGTCC 
R: TCCTGAACCCACTTCTGCTTGG 

Myokine with role in skeletal muscle remodelling 
including angiogenesis 

Nitric oxide synthase 3 eNOS NOS3 ECNOS, eNOS F: ACCCTCACCGCTACAACATC 
R: CTGGCCTTCTGCTCATTCTC 

Maintenance of endothelial homeostasis via generation 
of nitric oxide in the vascular endothelium 

Forkhead box O1 FOXO-1 FOXO1 FKH1, FKHR, FOXO1A F: CTACGAGTGGATGGTCAAGAGC  
R: CCAGTTCCTTCATTCTGCACACG Regulates angiostatic factors, restraining angiogenesis. 

Glyceraldehyde-3-
phosphate 
dehydrogenase 

GAPDH GAPDH G3PD, GAPD, HEL-S-162eP F: AATCCCATCACCATCTTCCA  
R:TGGACTCCACGACGTACTCA  

Control for this experiment. Functional role in energy 
metabolism and the production of ATP and pyruvate 
through anaerobic glycolysis in the cytoplasm 

Hypoxia inducible factor 1 
alpha subunit HIF-1α HIF1A HIF-1-alpha, HIF-1A, HIF-1alpha, HIF1, 

HIF1-ALPHA, MOP1, PASD8, bHLHe78 
F: CTAGCCGGAGGAAGAACTATGAAC 
R: CCCACACTGAGGTTGGTTACTGT 

Master regulator of vascular responses, driving 
transcriptional activation of genes involved in vascular 
reactivity and angiogenesis. 

Vasohibin 1 VASH1 VASH1 KIAA1036 F: ATGGACCTGGCCAAGGAAAT 
R: CATCCTTCTTCCGGTCCTTG 

Angiogenesis inhibitor expressed in endothelial cells via 
induction by pro-angiogenesis factors 



 

 30 

Vascular endothelial 
growth factor A VEGFα VEGFA MVCD1, VEGF, VPF F: TTTCTGCTGTCTTGGGTGCATTGG 

R: ACCACTTCGTGATGATTCTGCCCT 
Regulates angiogenesis by inducing proliferation, 
migration, and permeability of endothelial cells. 

Table 2. Physiological and perceptual responses during the protocol.  
 

 Time (h) 
 Baseline 1 2 3 4 5 6 

HR 
(b.min-1) 64 ± 15 72 ± 15 71 ± 13 75 ± 18 65 ± 13 63 ± 13 68 ± 17 

Q̇ 
(L·min-1) 6.1 ± 1.6 6.8 ± 1.1 6.6 ± 1.2 7.0 ± 1.3 6.3 ± 1.7 6.1 ± 1.8 6.8 ± 1.5 

MAP 
(mmHg) 87 ± 9 79 ± 6 84 ± 8 86 ± 9 89 ± 15 88 ± 19 89 ± 12 

V̇O2 
(L·min-1) 0.29 ± 0.07 0.33 ± 0.08 0.35 ± 0.06 0.35 ± 0.05 0.35 ± 0.05 0.34 ± 0.04 0.34 ± 0.04 

V̇E 
(L·min-1) 8 ± 2 9 ± 2 8 ± 2 9 ± 1 8 ± 1 8 ± 2 9 ± 1 

Ttorso 
(°C) 32.9 ± 1.3 33.4 ± 1.3 32.6 ± 1.8 32.7 ± 1.7 33.0 ± 1.5 33.4 ± 1.1 33.1 ± 1.6 

[Glu] 
(mmol·L-1) 5.5 ± 0.5 - - 5.3 ± 0.4 5.5 ± 0.8 - 5.3 ± 0.6 

[Hb] 
(g·L-1) 148 ± 11 143 ± 13 144 ± 11 147 ± 14 146 ± 12 145 ± 12 146 ± 10 

Hct 
(%) 45.4 ± 3.1 44.5 ± 3.2 44.9 ± 3.4 44.9 ± 3.3 45.4 ± 3.1 45.2 ± 3.2 46.1 ± 2.6 

RPE 6 ± 0 6 ± 0 6 ± 0 6 ± 1 7 ± 1 7 ± 2 7 ± 2 

TSENS 3.8 ± 0.4 5.1 ± 0.6 * 5.4 ± 0.9 * 5.5 ± 1.1 * 3.7 ± 0.4 3.6 ± 0.4 3.7 ± 0.4 

TCOMF 1 ± 1 1 ± 1 2 ± 1 1 ± 1 1 ± 0 1 ± 0 1 ± 0 
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Data are mean±SD (n=7). * denotes difference vs 0 h (Baseline) (p<0.05). HR: heart rate, Q̇: cardiac output, MAP: mean arterial pressure, V̇O2: oxygen consumption, V̇E: 
minute ventilation, Ttorso: Torso temperature,  [Glu]: blood glucose concentration, [Hb]: haemoglobin concentration, Hct: haematocrit, RPE: rating of perceived exertion, 
TSENS: thermal sensation, TCOMF: thermal comfort.
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Table 3. Frequency of peak gene response for each sample timepoint during the 3 h leg heating protocol 
and subsequent 3 h recovery.  
 

 1.5 h 3 h 4 h 6 h Time to peak  
(h) 

Heat shock protein genes  

Hsp27 * 29% 0% 43% 29% 3.9 ± 1.8 

Hsp60 43% 43% 0% 14% 2.8 ± 1.6 

Hsp72 * 14% 0% 29% 57% 4.8 ± 1.7 

Hsp90α * 14% 29% 0% 57% 4.5 ± 1.9 

Regulatory genes  

ANGPT-2 * 57% 43% 0% 0% 2.1 ± 0.8 

CCL2 * 14% 29% 29% 29% 3.9 ± 1.6 

eNOS 0% 71% 14% 14% 3.1 ± 1.8 

FOXO-1 * 29% 29% 29% 14% 3.3 ± 1.6 

HIF-1a 14% 57% 0% 29% 3.6 ± 1.7 

VASH-1 14% 29% 29% 29% 3.9 ± 1.6 

VEGFα * 29% 14% 29% 29% 3.7 ± 1.9 
 
* denotes a significant peak change vs baseline (p<0.05). Time to peak reported at mean ± SD. Bold text in 
cell denotes timepoint(s) corresponding to greatest proportion of peak gene changes 
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	Passive hyperthermia induces a range of physiological responses including augmenting skeletal muscle mRNA expression. This experiment aimed to examine gene and protein responses to prolonged passive leg hyperthermia. Seven young participants underwent 3 h of resting unilateral leg heating (HEAT) followed by a further 3 h of rest, with the contralateral leg serving as an unheated control (CONT). Muscle biopsies were taken at baseline (0 h), and 1.5, 3, 4, and 6 h in HEAT and 0 and 6 h in CONT to assess changes in selected mRNA expression via qRT-PCR, and HSP72 and VEGFα concentration via ELISA. Muscle temperature (Tm) increased in HEAT plateauing from 1.5 to 3 h (+3.5±1.5°C from 34.2±1.2°C baseline value; p<0.001), returning to baseline at 6 h. No change occurred in CONT. eNOS, FOXO-1, Hsp72, and VEGFα mRNA increased in HEAT (p<0.05) however post-hoc analysis identified that only Hsp72 mRNA statistically increased (at 4 h vs. baseline). When peak change during HEAT was calculated ANGPT-2 decreased (-0.4±0.2-fold), and CCL2 (+2.9±1.6-fold), FOXO-1 (+6.2±4.4-fold), Hsp27 (+2.9±1.7-fold), Hsp72 (+8.5±3.5-fold), Hsp90α (+4.6±3.7-fold), and VEGFα (+5.9±3.1-fold) increased from baseline (all p<0.05). At 6 h Tm were not different between limbs (p=0.582; CONT=32.5±1.6°C, HEAT=34.3±1.2°C), and only ANGPT-2 (p=0.031;-1.3±1.4-fold) and VEGFα (p=0.030;1.1±1.2-fold) differed between HEAT and CONT. No change in VEGFα or HSP72 protein concentration were observed over time, however, peak change in VEGFα did increase (p<0.05) in HEAT (+140±184 pg.mL-1) vs CONT (+7±86 pg.mL-1). Passive hyperthermia transiently augmented ANGPT-2, CCL2, eNOS, FOXO-1, Hsp27, Hsp72, Hsp90α and VEGFα mRNA, and VEGFα protein.
	Introduction
	Physiological responses to passive heating have been subject to experimental interest to further understand applications and mechanisms associated with therapeutic hyperthermia (also described as thermal therapy or heat therapy)(1, 2). Several beneficial responses, apparently similar to exercise training(3) have been reported in a range of relevant health and disease contexts e.g., ameliorated metabolic status(4–8), improved cardiovascular risk factors(3, 9–16), and enhanced muscle function(8, 17–21). Given these positive outcomes, heat therapy has been proposed as an alternative or precursor to exercise training in those unwilling or unable to engage in physical activity(2, 22, 23). Different physiological responses occur in response to whole body vs regional heating(24–28). However, elevations in local or systemic temperature increase blood flow and shear stress facilitating micro- and macrovascular adaptation(1) and increased circulation of microvesicles(29). Concurrent with these adaptations are molecular responses. 
	To date passive heating has been demonstrated as a modifier of an abundance of direct angiogenic and metabolic regulatory genes(27, 28, 30), and heat shock proteins [HSP (protein), Hsp (gene)] which further facilitate or contribute to adaptation(1). HSPs are a family of multifunctional proteins classified by molecular weight which support correct protein function and are therefore considered important contributors for inducing desirable adaptations(2, 31). HSPs are located across multiple tissue sites targeted by heat therapy, including skeletal, cardiac, vascular smooth muscle, and the central nervous system(32). It has been shown that inducing hyperthermia in both limbs, or the thigh alone, for a period of 90 min, promotes the expression of angiogenic regulatory and Hsp genes in human skeletal muscle(28). In that study gene expression relative to the baseline sample was augmented 30 min post lower limb heating [VEGFα, CCL2, ANGPT2, Hsp27, Hsp72, and Hsp90α, see table 1 for further gene details](28). Although most changes had acquiesced 2 h post heating (except FOXO1 and CX3L1), these data support the efficacy of local passive heating as a tool for augmenting skeletal muscle gene expression. Using a similar experimental design, it has also been demonstrated that 1 h of whole-body, but not single leg hyperthermia, augments anabolic (Akt/mTOR), mitochondrial, and Hsp signalling(27). The lack of change in the single leg heating model opposes the previously discussed work(28), suggesting that a signalling threshold had not been surpassed. Physiological data collected in that study(27) identified that whole body heating increased muscle, skin, and core temperature, but single leg heating only increased local skin and muscle temperature. This points to a role of one of those factors in augmenting the magnitude of expression in a direct or indirect manner. 
	Interestingly from a methodological viewpoint, with serial timepoint sampling the peak change in mRNA can be calculated on an individual participant basis across an intervention(27). This highlights that individual variability in the time course of gene expression exists and emphasises that the time-course of heating-induced gene response is incompletely understood. Further, though data are consistent in demonstrating a significant increase in Hsp mRNA expression, and protein accumulation in response to combined exercise-heat stress(33–39), the magnitude of Hsp response to passive heating (a more feasible clinical intervention) has also not been adequately described. Further to this, whilst acute and repeated passive hyperthermia of <90 min can increase angiogenic and/or HSP protein concentrations(17, 18, 40), whether prolonging local hyperthermia elicits a greater change has not been examined. Collectively these data point towards a need to further characterise the skeletal muscle gene expression response, and subsequent alterations in protein concentration following local hyperthermia with a view to further enhancing the understanding of the therapeutic potential of heat therapy interventions. Specifically, to determine whether a longer heating duration i.e., 3 h vs 1.5 h augments the timecourse and magnitude of transcriptional response, and whether the calculation of change differs depending on the timepoints utilised. 
	The aims of this experiment were to examine the time course of selected gene and protein responses to prolonged (3 h) local passive leg hyperthermia, and subsequent recovery (3 h) in comparison to an unheated leg. It was hypothesised that limb heating-induced local skeletal muscle hyperthermia, would activate the expression of angiogenic and regulatory genes, and increase heat shock protein expression, with minimal alterations in systemic or contralateral limb responses. Further to this it was hypothesised that a single bout of prolonged local skeletal muscle hyperthermia would increase VEGFα and HSP72 skeletal muscle protein concentration.
	Method
	Participants
	Seven healthy participants (two females) participated in the study (age 23 ± 2 yrs., height 172.6 ± 9.9 cm, mass 76.2 ± 13.3 kg, BMI 25.5 ± 3.6 kg.m2, whole limb volume 9882 ± 1373 mL, lean limb volume 8768 ± 920 mL). All participants were non-smokers and free from known cardiorespiratory, metabolic, and neurological diseases. Participants arrived at the laboratory postprandial and euhydrated (urine osmolality <700 mOsmol(kgH2O-1(41)). They were required to have abstained from strenuous exercise and alcohol intake for >48 h and caffeine consumption for >12 h. A priori power analysis using data from a similar study [protocol 3,(28)] and established statistical conventions (α=0.05, β=0.8) had identified that six participants would be required to determine pre-post heating differences between heating and control limbs (the primary research question). Written informed consent was obtained from the participants prior to the study. All procedures were approved by the Brunel University London Research Ethics Committee (7692-A-Feb/2018-11768-1) and conformed to the guidelines of the Declaration of Helsinki.
	Experimental design
	Participants attended one experimental visit which commenced at 08.00±01.00 a.m. and following instrumentation and a period of supine rest (~0.5 h), baseline measurements preceded a protocol involving 3 h of unilateral whole leg passive heating (HEAT) whilst the contralateral control leg remained unheated (CONT). The passive limb heating device has been described previously(26, 42, 43), briefly a custom-built water-perfused trouser covered the entire leg, before being wrapped in foil blankets sealed with medical tape. The trouser was connected to a thermostatically controlled circulator (Julabo F-34; Seelbach) to allow a constant perfusion of 50°C water. Following removal of the passive heating stimulus, participants rested supine for a further 3 h. All measurements were taken every 0.5 h with a mean of a 60 s period recorded unless otherwise stated.
	Experimental protocols
	Upon arrival at the laboratory, participants voided, and stature and nude body mass were recorded whilst wearing shorts and a t-shirt (SECA model 798, Hamburg, Germany). To determine whole and lean limb volume the circumference of the heated limb was measured via an anthropometric tape measure at descending anatomical markers, with anterior and posterior skinfold thickness at the thigh, and medial and lateral skinfold thickness at the calf recorded using callipers (Harpenden, Burgess Hill, UK)(44). Following anthropometric measures, participants inserted a rectal thermistor to a marked depth of 15 cm (RET-1 Physitemp, USA) to measure core temperature (Tcore) and entered the environmental chamber (Procema, UK; maintained at 21.6 ± 1.4°C) positioning themselves supine on a custom bed for instrumentation. A 3-lead ECG (PowerLab 26T and LabChart 7, ADI Instruments, UK) was affixed to the participant and an infrared photoplethysmography arterial blood pressure device cuff positioned on the arm and on the middle finger of the right hand (Finometer; FMS, Netherlands). Stroke volume (SV) was estimated using the ModelFlow method included with the Beatscope computer software package (Beatscope; FMS, Netherlands), with cardiac output (Q̇) calculated following corrections for age, height, and mass (45). For measurement of intramuscular temperatures (Tm), sterile implantable thermocouples (T-204f, PhysiTemp, USA) were inserted into the mid-portion of the vastus lateralis muscle of the heated and control leg using a 22-gauge catheter (BD Venflon; Becton-Dickson) at a depth of 2.5 cm. Skin surface temperature (Tsk) of the heated and control limb was measured via thermocouples (IT-18, PhysiTemp, USA) affixed to the skin over the belly of the thigh (Tthigh) and calf (Tcalf). Additionally, Tsk was measured at forehead (Thead), over the belly of the right pectoralis major (Tchest) and left triceps brachii (Tarm) and on the dorsal surface of the left and right foot (TFOOT) using surface temperature loggers (Hygrochron iButton, USA) set to record data at 60 s intervals. Torso temperature (Ttorso) was calculated from an unweighted average of Thead, Tchest, and Tarm, leg skin temperature (Tleg) was calculated from an unweighted average of Tthigh , Tcalf , and Tfoot. Thermocouples were connected to a thermocouple meter (TC-2000, Sable Systems, NV, USA) and collected at 1000 Hz using commercially available data acquisition and analysis systems (PowerLab 26T, AD Instruments, LabChart 7, AD Instruments). Breath by breath (Vyntus, Carefusion) collection of expired metabolic gases occurred for 5 min to quantify whole body oxygen uptake (V̇O2), carbon dioxide production (V̇CO2), minute ventilation (V̇E), breathing frequency (Fb), tidal volume (V̇T) and to facilitate the calculation of respiratory exchange ratios (RER). Perceptual responses included whole body thermal comfort (TCOMF) and thermal sensation (TSENS) determined on a five (from 1, comfortable, to 5, very uncomfortable) and seventeen (from 0.0, unbearably cold, to 8.0, unbearably hot) point scale respectively (46), and the rating of perceived exertion (RPE) measured using a 15-point Borg scale (from 6, very very light, to 20, very very hard) (47).
	Tissue and blood sampling, and analysis
	A total of seven muscle biopsy samples were taken during the experiment, with five samples obtained from the heated limb (at 0, 1.5, 3, 4, and 6 h timepoints) and two samples obtained from the control limb (at 0 and 6 h). A contralateral comparison model was implemented to increase statistical power by reducing the amount of between-person variability and reduce the time, cost and discomfort associated with this invasive study (48). Skeletal muscle tissue was sampled from the vastus lateralis adjacent to the Tm site in sterile conditions under local anaesthetic (Xylocaine, 1%) using a 7 mm Bergström biopsy needle and manual suction (49). Following each biopsy, the incision was closed with steristrips and covered with a sterile dressing. For the 1.5 h sample the biopsy procedure was conducted through a custom opening in the water perfused trouser to minimize heat loss. Serial samples were obtained ~2 cm distally or proximally from one another. Following sampling, tissue was rinsed immediately in an ice cold 0.9% NaCl solution, and then immediately transferred to a 1.5 mL microtube and snap frozen in liquid nitrogen. Samples were then stored at −86°C for later analysis. 
	For determination of selected gene transcript responses (table 1; ThermoFisher Scientific, UK), a ~30 mg portion of the muscle sample was homogenized in 10 µL of β-Mercaptoethanol and 1 mL of Buffer RLT Plus. The homogenate was subsequently analysed via qRT-PCR in duplicate with responses characterized against the chosen housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) by a commercial analytical laboratory (NMI Natural and Medical Sciences at the University of Tübingen, Reutlingen, Germany). Total RNA was isolated using the RNeasy fibrous tissue Mini Kit (#74704; Qiagen) according to the manufacturer’s recommendations. The samples were digested using the DNase provided prior to synthesis of cDNA. cDNA was synthesised in the presence of hexanucleotides in a reaction volume of 15 μL using MMuLV reverse transcriptase (New England Biolabs #M0203L). To check for contamination by genomic DNA, for each sample a mock reaction lacking reverse transcriptase (-RT) was carried out. Samples then underwent a pre-amplification step (TaqMan™ PreAmpMaster Mix Kit). For the real-time PCR reaction, 1.25 μL of cDNA were employed. HSP72 (CV=2.5%) and VEGFα (CV=13.2%) protein concentrations were determined at all timepoints using commercially available ELISA kits (ThermoFisher Scientific) and normalized per mg of total protein via the Bradford method (ThermoFisher Scientific). Due to insufficient tissue sample, the 4 h timepoint (all participants) and participant #7 was excluded from the VEGFα analysis. For this reason, other genes demonstrating a change over time e.g. eNOS and FOXO1 were not analysed with HSP72 and VEGFα chosen given greater prominence in thermal and exercise literature pertaining to heat therapy(1) and angiogenesis (75). 
	***INSERT TABLE 1 NEAR HERE PLEASE***
	Venous blood samples were taken at 0.5 h intervals via an 18-gauge cannula (BD Venflon; Becton-Dickson) inserted into a superficial antecubital vein of the arm. Blood draws of ~7 mL occurred at timepoints corresponding with muscle biopsy sampling (0, 1.5, 3, 4, 6 h), and ~2 mL in volume for all other time points. An equivalent volume 0.9% NaCl solution (BD PosiFlush; Becton-Dickson) was flushed through the cannula to maintain patency following each blood draw. Whole blood was immediately aliquoted to determine hematocrit (Hct), hemoglobin (Hb), and whole blood glucose [Glu] concentrations. Hct was determined by the packed cell volume method under a microscope after standard centrifugation of sodium-heparinized capillary tubes (microhematocrit tubes, HaematoSpin 1400 centrifuge; Hawksley), a mean of quadruplicate samples was recorded. Blood [Hb] was obtained by photometric analysis (HemoCue Hb 201+ System; HemoCue), and [Glu] was determined at only 0, 1.5, 3, 4 and 6 h (HemoCue Glucose 201+ System; HemoCue), for both [Hb] and [Glu] a mean of triplicate samples was recorded. 
	Statistical analysis
	Data are presented as mean±SD unless otherwise indicated. All statistical analyses were carried out using SPSS software (Version 26) with significance for all analyses was set at p<0.05. All outcome variables were first checked for normality and sphericity. The Greenhouse Geisser correction for the F statistic and related degrees of freedom was used when data violated sphericity. One-way ANOVA was used to compare changes over time with a main effect followed up with Bonferroni adjusted post hoc comparisons. For non-parametric data (e.g., RPE, TCOMF, TSENS) a Friedman test was used to compare variables over time, with significance followed up with Wilcoxon signed rank tests comparing each timepoint to baseline. Two-way ANOVA was used to compare changes over time (0 vs. 6 h) and between control and heated limbs, with main and interaction effects followed up with Bonferroni adjusted post hoc comparisons. Peak change in mRNA and protein concentration was compared between control and heated limbs using paired sample T-tests. Pearson’s correlation was performed between each of the peak and change of Tm, Tleg, and the peak change of all genes of interest which demonstrated a significant difference. 
	Results
	Physiological responses
	The Tm displayed a main effect for group (f=35.7, p=0.001), time (f=88.1, p<0.001), and an interaction effect (f=82.9, p<0.001). No difference in Tm at was observed at baseline but as per design differences occurred between HEAT and CONT from 0.5 h until 4 h, as displayed in Figure 1. The Tm increased (from baseline 34.7±0.9°C) in HEAT from 0.5 h to 3 h but was unchanged in CONT (baseline 33.8±1.5°C). Specifically, in HEAT Tm increased from baseline to 37.6±0.1°C (after 1.5 h, p=0.007), and 38.1±0.6°C (3 h, p<0.001), this equating to a change from baseline of 3.0±1.0°C and 3.5±1.5°C respectively. Compared to CONT this was a +3.9±1.2°C and +5.2±1.7°C difference at 1.5 and 3 h (p<0.001). The post intervention phase subsequently saw a reduction in temperature relative to the heating phase after 4 h whereby Tm at 6 h had returned to baseline and was not different between limbs (p=0.582; CONT 32.5±1.6°C, HEAT 34.3±1.2°C). 
	***INSERT FIGURE 1 NEAR HERE PLEASE***
	The Tleg displayed a main effect for group (t=106.4, p<0.001), time (t=126.7, p<0.001), and an interaction effect (t=100.8, p<0.001). Tleg was greater in HEAT, from 0.5 h until 3 h (peak temperature 39.5±1.0 °C), and greater than CONT from 0.5 h onwards. Figure 1. A main effect of time was observed for Tcore (t=4.8, p=0.032), and HR (t=6.3, p=0.003). Post hoc analysis did not identify a difference in Tcore from baseline (37.3±0.2°C) (Figure 1). Similarly, HR was unchanged from baseline (Table 2). TSENS reported a main effect for time (χ2=61.0, p<0.001) with post hoc differences from 1 h until 3 h vs baseline (Table 2). In contrast, no statistical differences (p>0.05) were observed in Ttorso , Q̇, MAP, V̇O2, V̇CO2, RER, V̇E, [Glu], [Hb], Hct, RPE, TCOMF (p>0.05). All physiological and perceptual data are presented in Table 2.
	***INSERT TABLE 2 NEAR HERE PLEASE***
	Gene responses over time in the heated limb
	Increased gene expression was observed over the course of the HEAT intervention for eNOS (f=3.9, p=0.014), Hsp72 (f=7.3, p<0.001), and VEGFα (f=3.7, p=0.018). Post hoc analyses identified that Hsp72 was higher at 4 h than baseline (p=0.048; +5.2±2.6-fold) (Figure 2). Post hoc differences could not be identified for eNOS and VEGFα (Figure 3). No effect (p>0.05) was observed for ANGPT2, CCL2, FOXO1, HIF-1α, Hsp27, Hsp60, Hsp90α, VASH-1, VEGFα.  
	***INSERT FIGURE 2 NEAR HERE PLEASE***
	***INSERT FIGURE 3 NEAR HERE PLEASE***
	At 6 h, ANGPT-2 (f=7.8, p=0.031) was lower in HEAT than CONT, and VEGFα (f=8.0, p=0.030) was higher in HEAT than CONT, with no difference observed in any other genes at this end point of the protocol (p>0.05). 
	Gene responses between heated and control limb
	When peak change during HEAT was calculated, ANGPT-2 reduced (-0.4± 0.2; t=7.3, p<0.001), and CCL2 (2.9±1.6 fold; t=3.2, p=0.019), FOXO-1 (+6.2±4.4 fold; t=3.1, p=0.021), Hsp27 (+2.9±1.7 fold; t=2.9, p=0.029), Hsp72 (+8.5±3.5 fold; t=5.7, p=0.001), Hsp90α (+4.6±3.7 fold; t=2.5, p=0.044), and VEGFα (+5.9±3.1 fold; t=4.3, p=0.005) increased in comparison to baseline (Figure 4). 
	***INSERT FIGURE 4 NEAR HERE PLEASE***
	Table 3 demonstrates the percentage of participants reporting a peak increase at each timepoint within HEAT and the average time to peak expression. Of the genes that demonstrated a change from baseline, 4 h and 6 h demonstrated the greatest number of instances where peak expression occurred. The ANGPT-2 peaked at 2.1 ± 0.8 h, Hsp27 peaked at 3.9 ± 1.8 h, Hsp72 peaked at 4.8 ± 1.7 h, and Hsp90α peaked at 4.5 ± 1.9 h. CCL2 (peak at 3.9 ± 1.6 h), FOXO-1 (peak at 3.3 ± 1.6 h) and VEGF (peak at 3.7 ± 1.9 h) did not demonstrate a clear temporal response with individual participants reporting peaks across the full range of timepoints.
	***INSERT TABLE 3 NEAR HERE PLEASE***
	Peak change in HEAT was greater than the change in CONT for ANGPT-2 (t=3.9, p=0.008), FOXO-1 (t=2.9, p=0.029), Hsp72 (t=5.5, p=0.002), Hsp90α (t=2.6, p=0.042), and VEGFα (t=4.1, p=0.006). There was no difference (p>0.05) in CCL2, eNOS, HIF1α, Hsp27, Hsp60, or VASH-1. 
	ANGPT2  demonstrated a relationship with change in TLEG (r=0.839, p=0.018), and the peak change in Hsp72 demonstrated a relationship with FOXO1 (r=0.765, p=0.045), whilst VASH was related to Hsp27 (r=0.907, p=0.005). On the other hand, VEGFα demonstrated a relationship with eNOS (r=0.772, p=0.042), Hsp27 (r=0.821, p=0.023), and VASH (r=0.803, p=0.030).
	Protein responses
	No change was observed in HSP72 concentration within the experimental limb during the five timepoints measured in HEAT (f=0.8, p=0.522). Additionally, when examining protein concentration at baseline and 6 h between CONT and HEAT, no main effect of group (f=0.5, p=0.498), time (f=0.3, p=0.594), or interaction (f=0.0, p=0.867) was observed. The peak change in HSP72 protein following HEAT was not difference to CONT (t=2.3, p=0.064). Like HSP72 (Figure 5), no change was observed in VEGFα concentration (n=6) during HEAT (f=4.7, p=0.072) or at baseline and 6 h between CONT and HEAT (group, f=0.8, p=0.409; time, f=3.6, p=0.115; interaction, f=4.8, p=0.081). The peak change in VEGFα  protein following HEAT was different to CONT (t=3.5, p=0.018). Hsp72 mRNA demonstrated a relationship with HSP72 protein concentration at the 6 h timepoint (r=0.781, p=0.038). 
	***INSERT FIGURE 5 NEAR HERE PLEASE***
	Discussion
	The 3 h passive leg heating rapidly increased intramuscular (vastus lateralis) temperature, Tm being elevated by 3.0-3.5°C (+5°C vs contralateral limb) between 1.5 to 3 h and then declining progressively to baseline values by 6 h, with no or minimal systemic and contralateral leg physiological response. Peak skeletal muscle gene transcription was favourably altered from baseline in the heated limb for heat shock proteins (Hsp27, Hsp72, and Hsp90α) and regulatory genes (ANGPT-2, CCL2, FOXO-1, and VEGFα). Examination of the time course of gene change eNOS, Hsp72, and VEGFα also demonstrated a change overall, however a timepoint specific change only occurred in Hsp72 at 4 h. Generally, the regulatory genes response which reported a change (i.e., ANGPT-2, CCL2, FOXO-1, and VEGFα) peaked during or at the end of the 3 h heating period (peak expression at 3.3 ± 1.6 h from baseline), with heat shock proteins (Hsp27, Hsp72, and Hsp90α) typically peaking during recovery (peak expression at 4.4 ± 1.8 h from baseline). Only ANGPT-2 and VEGFα differed between CONT and HEAT at the end of the study (6 h) highlighting a general return to baseline of augmented genes following the cessation of local hyperthermia. Together these transcriptional responses highlight that interindividual differences exist in response to local passive hyperthermia, with an augmentation of gene response albeit at different timepoints (Table 3). The inconsistency in gene response, the implementation of acute thermal stimuli, and/or relatively short window of observation may explain the lack of change in HSP72 and VEGFα protein concentrations over the full timecourse of the protocol. As with peak gene responses, the calculation of peak change in VEGFα led to difference between limbs, this points to inter-individual protein responses to the same intervention. 
	Heat shock protein gene responses
	The skeletal muscle heat shock protein gene response to passive heating has not been extensively considered with published data presenting conflicting findings. Early data by Morton et al. (50) did not demonstrate any change in mRNA expression of Hsp27, Hsp60, or Hsp70(50) by passive hyperthermia increasing core (+1.5°C to 38.9±0.2°C) and muscle temperatures (+3.6°C to 39.5±0.2°C) via 1 h of one-legged hot water immersion. These data are therefore in conflict with our findings. On closer inspection of those experimental methods, the post biopsy sample was taken ~48 h following heating, a time point when our Hsp time course data, and others(28), now indicate post-transcriptional concentrations would have returned to baseline. Following 90 min of local limb heating via water-perfused garments (without core temperature change), a 1.1-1.5-fold increase in Hsp27, Hsp60, Hsp72, and Hsp90 mRNA has been reported 30 min post heating(28). These data agree with the direction our findings (Figures 2 & 4). Within that experiment the comparison between only thigh heating, and lower body heating trials revealed no difference in the magnitude of change in gene response suggesting equivalent responses could be observed despite heating different tissue masses (and presumably eliciting subtly different muscle temperatures(26)). The absence of muscle temperature measurement does not allow a rigorous analysis of this hypothesis, however.  A comparison between single leg and whole-body heating (muscle temperatures=38.1±0.6°C vs 38.8±0.5°C, core temperature=37.1±0.1°C vs 39.1±0.3°C) saw increased Hsp25 (+50%), Hsp72 (+362%) and Hsp90 (+64%) mRNA expression in whole body heating, but not in single leg heating(27). In that study authors concluded localized heating may be insufficient to increase Hsp gene expression when the duration and magnitude of the heat treatment is inadequate. Based on our correlation analysis timing of peak mRNA expression and subsequent gene degradation also poorly correlate with thermal response (Tm) thus other factors appear relevant. Our data add to this conversation by demonstrating that for the same muscle temperature (~38.1°C) an extended heating duration (rather than magnitude), causes similar increases in Hsp concentrations following single leg heating compared to whole body heating protocols. Our data, combined with animal studies (51), are indicative that absolute muscle temperature may not be critical in regulating the magnitude of Hsp mRNA response, however temperature range/increase in muscle temperature are potential factors in Hsp response once a ~37.6-38.1°C muscle temperature threshold has been surpassed (for a sufficient duration). The time course of human HSP responses to interactions of heat and/or exercise not been well examined either. Using downhill running in the heat as a model for creating maximal skeletal muscle stress, it has been observed that both Hsp72 and Hsp90α mRNA peak 30 min following exercise, with elevations persisting at 3 h post, but not 24 h post(52). Thirty minutes of exercise at the anaerobic threshold elicits equal increases in Hsp72 expression 30 min and 3 h following exercise(53), yet the timepoint of final decay was not characterised. Further, Hsp27 (+4-8-fold) and Hsp72 (+15-20-fold) increases are typically greatest and most prolonged when eccentric exercise is undertaken with significant peaking between 4 and 8 h following contractions with maintained mRNA expression 24 h later(54). Similar observations have been made in a strength training paradigm(55) though the timing of the myogenic gene induction is variable, peaking 4–8 h postexercise, with all gene expression returning to baseline after 24 h.
	Angiogenic and regulatory gene responses
	In addition to changes in Hsp expression our data also highlight that local hyperthermia is effective in positively modifying the expression of angiogenic regulatory genes, specifically ANGPT-2 which reduced, and CCL2, eNOS, and VEGFα which increased. This is in contrast to previous work by other groups, which suggested that single leg models were ineffective at inducing changes in gene expression(27). However, in agreement with our study, Kuhlenhoelter et al.,(28), demonstrated that leg hyperthermia increased VEGFα by ~1.5 fold. Whilst CCL2 reduced in that experiment the reduction was attenuated relative to controls which may be considered analogous to our increase vs null control limb response(28). Regrettably in that study individual muscle temperatures and gene responses were not reported to confirm or refute the role this thermoregulatory variable has on individual responses a factor which limits interpretation of the magnitude and inter-individual range of response against our data. Understanding as to whether hyperthermia directly e.g., via temperature sensing, or indirectly e.g., via shear stress(10, 56), induces mRNA signalling in heat therapy models remains equivocal and may be best assessed ex vivo. Given the central role that VEGFα plays in angiogenesis, including the influence on associated markers such as eNOS(57), examination of the time course of VEGFα expression is pertinent from a regulatory gene perspective. Sixty minutes of moderate intensity exercise elicits peak VEGFα increases (~4.5 fold) at 2 and 4 h post intervention(58), with a similar outcome when the duration (59) or intensity is increased (60). Prolonged two-legged knee extension exercise elicited increases in VEGFα mRNA 1.5 and 3 h after exercise onset, with the 9-fold increase peaking 1 h into recovery before returning to baseline after 20 h. In comparison to these exercise protocols, our data demonstrate that passive heating can also induce increases in VEGFα albeit to a lesser degree than exercise of a similar duration(60). The difference in observed magnitude of response between passive heating and exercise models is perhaps unsurprising, given the difference in intensity of stimulus with heating delivering a lower ‘intensity’ for the same duration. Nevertheless, passive heating induced changes in regulatory gene response are significant and have been shown to be sufficient to promote angiogenesis(17, 61). The observed relationships between genes e.g., the change in VEGFα and eNOS supports previous observations that VEGF receptor-2 upregulates eNOS and iNOS protein(57). The relationship between Hsp27 mRNA and VEGFα mRNA appears  novel, however this is likely related to the VEGF-mediated cell migration and angiogenesis facilitated by HSP27, as demonstrated by work increasing extracellular concentrations via recombinant HSP27(62). Recently a study was undertaken to characterise the timecourse of changes in skeletal muscle regulatory gene expression in response to a session of high-intensity interval training(63) with the temporal pattern across the 23 genes of interest was highly variable (63). Both VEGFα and Hsp72 were included in the aforementioned analysis and demonstrated a peak change 9 h following exercise (Hsp72=+2.9-fold; VEGFα +1.3-fold), albeit with the change in VEGFα falling short of statistical significance. Hsp72 changes returned to baseline after 48 h. Exercise protocols therefore also show variable timeframes for peak gene expression and our data demonstrates that is now also evident in passive heating protocols. The variable peaking of expression also seems to align with the functional role of the gene(s). It is important to acknowledge that the variability in gene response during exercise protocols is expected given the various modes, durations, and intensity and the subsequent impact on cardiovascular, metabolic and temperature responses. It might be considered more unexpected that variability exists during passive heating given the relatively homogenous stimuli, with this having implications for how such intervention or treatment might be delivered. Taken together these acute increases in regulatory gene responses provide further support for vascular responses and adaptations to heat therapy. Our data are therefore supportive of the potential for heat therapy to serve as an alternative, precursor or complement to exercise training in those unwilling or unable to engage in physical activity, yet would benefit from vascular adaptation(2, 22, 23). 
	Protein responses
	Though the HSP72 protein response to passive and exercise hyperthermia has been characterised in acutely extracellular fluid(4, 5, 37, 64–66), and at an intracellular level within circulating cells(34, 67–74) few studies have examined the timecourse skeletal muscle response to hyperthermia. In support of our observation and previously discussed gene responses within skeletal muscle, Morton et al.,(50) reported no change in HSP72 48 h following passive heating. Further to this Kim et al.,(40) observing that passive heating following eccentric exercise did not alter HSP72 (and HSP90) protein concentration 24 h following treatment. Heating via shortwave diathermy has also elicited a null response in HSP72(18). These studies, and our data point towards a null response in HSP72 intramuscular protein concentration following acute hyperthermia. A statistically significant, 45% increases in HSP72 following 2 h daily heating for 6 consecutive days(18), and +25% in response to 2 hr daily heating during 10 days of limb immobilisation(20) highlighting the merits of chronic vs acute interventions. Our absence of changes over time in VEGFα protein concentration contrasts that of others who observed elevated VEGFα after one and five days of heat treatment following eccentric exercise(40). Interestingly the same group had previously observed that heating alone did not change VEGFα concentrations after four and eight weeks of treatment perhaps revealing context specific responses(17). Ambiguity in the acute VEGFα response in skeletal muscle has also been observed in exercise models(75), with some exercise studies observing increased concentrations(76–81) and others reporting null responses or decreases(58, 82). It is notable that despite our peak VEGFα protein responses differing statistically between HEAT and CONT (irrespective of timepoint), intra-individual patterns of response point exist (Figure 5). This replicates the mRNA data within our study and the work of others(27), and published work examining protein content following acute exercise. 
	Methodological considerations and limitations
	Given some previous work had created an equivocal picture of the relevance of a passive limb hyperthermia model, these data give reinforced credence to this method of local heat therapy and point to benefits arising from local applications that do not need to elicit systemic responses e.g., elevated core temperature. It is unlikely that the duration of exposure utilised in this study would be well tolerated in using a whole-body heating protocol such as sauna or water immersion, therefore local heating provides an opportunity for the intervention to be applied for prolonged periods. The lack of distinction in gene response between 1.5 h and 3 h timepoints suggests that prolonging hyperthermia will not lead to a greater magnitude of gene response however there could be added benefit to having gene expression elevated for a longer duration per session. The homogenous intramuscular temperature responses across timepoints during the heating phase (Figure 1) but differing timepoints associated with a peak gene response, and interindividual range of gene responses (see Figure 2 and 3) suggest that heat therapy interventions might be more effectively implemented when prescribed at an individual level. The caveats to that statement being that at the current time the optimal individualisation variable remains unknown and should be further investigated. It remains to be fully determined whether an equivalent intervention reporting a null response in young healthy individuals would elicit a positive outcome in patients e.g., those with vascular disease. Accordingly, future experimental consideration should also be given to the population studied i.e., like our data most experimental work to date has examined responses in young, healthy participants, rather than the prospective clinical population requiring treatment. Given that the clinical populations at which this therapy might be targeted are unlikely to be able to tolerate significant exercise protocols, passive heating is perhaps a more accessible treatment regimen, and one that causes negligible observed systemic perturbation even when implemented for prolonged durations (Table 2).  Finally, to fully elucidate the role of muscle temperature on the magnitude of change in gene expression and protein concentration, further experimental work examining interactions between clamping muscle temperature at increasing magnitudes of local (skeletal muscle) hyperthermia (51, 83), across differing heating durations, is warranted. 
	A limitation of this study is the lack of serial sampling of the control limb for changes in gene expression to confirm a null response throughout the intervention. With the exception of ANGPT-2 and VEGFα which demonstrated a continued response following heating, the lack of difference between 0 h and 6 h measures in CONT for all other genes does however support the experimental design and highlights that the variability of measured gene expression does not explain the apparent differences among individuals. The absence of serial biopsy sampling in CONT also means that quantification of the potential effects of repeated biopsies during HEAT is not possible. Had these data been available in CONT, biological and methodological variability across the 3 h of heating and 3 h of recovery could be quantified by subtracting the ∆CONT from ∆HEAT across timepoints. Nonetheless the delta between HEAT and CONT (Figure 4 and Figure 5) point to meaningful differences between interventions thus in spite of serial biopsy sampling in HEAT, a hyperthermi induced change above CONT was observed. Further to this, we acknowledge that whilst sufficient statistical power was observed for between leg comparisons and for some analyses (eNOS, Hsp72, VEGFα, ηp2 = 0.4-0.6), the observed power (0.55 – 0.76, ηp2 = 0.3-0.4) for ANGPT-2, Hsp27, Hsp90α indicates the study was underpowered for these genes. At a mechanistic level, circulating or systemic angiogenic mediators cannot be excluded from consideration as to beneficial factors arising from hyperthermia(11, 28, 84), nor can their influence on ANGPT-2 be discounted(85). 
	Conclusion
	Prolonged (3 h) passive limb hyperthermia altered skeletal muscle ANGPT-2, CCL2, eNOS, FOXO-1, Hsp27, Hsp72, Hsp90α, and VEGFα mRNA expression and increased the individual peak change in VEGFα protein concentration in healthy human participants, without modifying HSP72 protein concentration. Future applied and mechanistic work should acknowledge that angiogenic and heat shock protein mRNA responses peak at different times between individuals undertaking passive limb hyperthermia protocols. It is unclear whether these differences impact the magnitude of adaptation if hyperthermia were to be repeated. 
	Perspectives and Significance
	Prolonged passive leg hyperthermia transiently increases angiogenic mediators and heat shock proteins with minimal alterations in systemic or contralateral leg responses. These data point to the relevance of local mechanisms in augmenting ANGPT-2, CCL2, eNOS, FOXO-1, Hsp27, Hsp72, Hsp90α, and VEGFα mRNA expression. Differing temporal patterns in gene response, and null protein responses point to a need to further understand relevant mRNA and protein kinetics during prolonged passive leg hyperthermia interventions.
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	Figure 4. Peak change in selected gene responses over time for HEAT (red bars) and CONT (blue bars) limbs. Individual data points are colour coded for each participant with squares representing female participants. Data are presented as Mean±SD (n=7). * denotes a difference from baseline within trial (p<0.05). † denotes a difference from CONT within HEAT (p<0.05). 
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