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Abstract 

Passive heat therapy (PHT) has been proposed as an alternative intervention to 

moderate intensity continous training (MICT) in individuals who are unable or unwilling 

to exercise. This study aimed to make the first comparison of the effect of PHT and 

MICT on 1) skeletal muscle capillarisation and endothelial specific eNOS content and 

2) mitochondrial density, GLUT4 and IMTG content. Twenty young sedentary males 

(21±1years, BMI 25±1kg.m-2) were allocated to either 6-weeks of PHT (n=10; 40-

50min at 40°C in a heat chamber, 3x/wk) or MICT (n=10; time matched cycling at 

~65% VO2peak). Muscle biopsies were taken from the vastus lateralis muscle pre- and 

post-training. Immunofluorescence microscopy was used to assess changes in 

skeletal muscle mitochondrial density (mitochondrial marker COXIV), GLUT4 and 

IMTG content, capillarisation and endothelial specific eNOS content. VO2peak and 

whole body insulin sensitivity were also assessed. PHT and MICT both increased 

capillary density (PHT 21%; MICT 12%) and capillary–fibre perimeter exchange index 

(PHT 15%; MICT 12%)(P<0.05), and endothelial specific eNOS content (PHT 8%; 

MICT 12%, P<0.05). However, unlike MICT (mitochondrial density 40%; GLUT4 14%; 

IMTG content 70%: P<0.05) PHT did not increase mitochondrial density (11%, 

P=0.443), GLUT4 (7%, P=0.217) or IMTG content (1%, P=0.957). Both intervention 

improved aerobic capacity (PHT 5%; MICT 7%) and whole body insulin sensitivity 

(PHT 15%; MICT 36%, P<0.05). 6 weeks PHT in young sedentary males increases 

skeletal muscle  capillarisation and eNOS content to a similar extent as MICT, 

however, unlike MICT PHT does not affect skeletal muscle mitochondrial density, 

GLUT4 or IMTG content. 
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News and Noteworthy  

The effect of 6 weeks passive heat therapy (PHT) compared to moderate intensity 

continous training  (MICT) was investigated in young sedentary males. PHT induced 

similar increases in skeletal muscle capillarisation and endothelial specific eNOS 

content to MICT. Unlike MICT, PHT did not improve skeletal muscle mitochondrial 

density, GLUT4 or IMTG content. These microvascular adaptations were paralleled by 

improvements in VO2peak and insulin sensitivity, suggesting that microvascular 

adaptations may contribute to functional improvements following PHT. 

 

 

Introduction 

The prevalence of chronic inactivity-related diseases including obesity, insulin 

resistance, type 2 diabetes mellitus and cardiovascular disease has reached global 

epidemic proportions (9). Conversely, endurance training has been shown to induce 

a number of adaptations which delay or in many cases prevent health burdens (8). 

Adaptations within a number of tissues are important for the beneficial effects of 

endurance training, but skeletal muscle and it associated microvasculature in 

particular show extraordinary plasticity in response to training (27, 30, 31). As skeletal 

muscle comprises  ̴ 40% of body mass, improvements within this tissue not only 

improve local function, but also strongly contribute to improvements in whole-body 

metabolic health and performance.   
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Endurance training leads to a number of basic functional and structural adaptations 

within the skeletal muscle myocyte and its microvasculature which contribute to 

sustained health throughout the lifespan. Firstly, endurance training has been shown 

to stimulate mitochondrial biogenesis (25, 35).  Importantly, mitochondrial content has 

been linked to the development of metabolic impairments and type 2 diabetes (29). 

Secondly, endurance training leads to robust increases in skeletal muscle GLUT4 

(glucose transporter 4) content (20, 33). As skeletal muscle is the primary site for 

insulin dependent glucose uptake (36, 60) increased skeletal muscle GLUT4 content 

is likely to improve whole body glycemic control. Endurance training has also been 

shown to increase intra-muscular triglyceride (IMTG) content within skeletal muscle 

(50, 52). It is hypothesized that the large regularly used IMTG stores in trained 

individuals (52, 56) act as a sink for free fatty acids transported into the muscle, 

protecting trained individuals against the formation of lipid intermediates known to 

induce insulin resistance (12, 51).  Finally, endurance training is well known to 

increase skeletal muscle capillary density (13, 14) and skeletal muscle microvascular 

eNOS content (13, 14). A growing body of literature suggests that reductions in 

skeletal muscle capillarization (23), and impairments in the vasodilatory 

responsiveness of the muscle microvasculature to physiological stimuli (insulin, and 

shear stress), are instrumental in the development of functional impairments and 

chronic disease (6, 19, 21, 59).  

 

However, there are a number of patient groups who find traditional endurance training 

difficult to achieve, for example, spinal cord injured, heart failure, frail elderly and 

diabetic patients. Therefore, alternative therapeutic interventions that can be used in 

combination with or prior to effective exercise programs are needed. However, it is 
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essential that such methods elicit similar skeletal muscle adaptions to exercise. 

Passive heat therapy (PHT) using hot baths or saunas may be such an intervention, 

with a recent prospective cohort study showing that increased sauna use reduced all-

cause mortality (41). Importantly, work in C2C12 myotubes has shown that heat stress 

(40ºC, 60 min/day, 5 days) induces mitochondrial biogenesis (42). Recent work has 

also demonstrated that PHT improves brachial artery endothelial function (5) and 

cutaneous microvascular function in sedentary humans (11), via improved nitric oxide-

dependent dilation. However, to date no studies have investigated the effects of PHT 

on skeletal muscle adaptations in humans.  

 

The mains aims of current study were two-fold. Firstly, we sought to investigate 

whether 6 weeks (3 sessions/wk) of PHT induces similar increases in skeletal muscle 

mitochondrial density, GLUT4 and IMTG content to moderate intensity continuous 

exercise training (MICT) in sedentary young males. Secondly, we aimed to investigate 

the effect of MICT and PHT on skeletal muscle capillarisation and endothelial specific 

eNOS content. We hypothesised that PHT would induce similar adaptations within the 

skeletal muscle myocyte and associated microvasculature compared to MICT.  

 

 

 

Materials and methods 

Participants and Ethical Approval 

Twenty young sedentary males (defined as performing less than 150 minutes of 

organised exercise per week; in sports clubs, university or commercial gyms or sports 

classes) participated in the study (Table 1.). Participants were randomised to either 
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moderate intensity continuous training (MICT) or passive heat therapy (PHT) groups, 

in a matched fashion based on age, BMI and VO2peak (n=10). All participants gave 

written informed consent to a protocol adhering to the Declaration of Helsinki and 

approved by the Institutional Ethics Committee. 

 

Experimental Protocol  

Participants first completed an incremental exercise test to exhaustion on an 

electromagnetically braked cycle ergometer to determine VO2peak (14), using an online 

gas collection system (Oxycon Pro, Viasys, Wurzberg, Germany). VO2peak 

corresponded to the highest value achieved over a 10 second period.  

 

Three to 7 days following the incremental exercise test participants attended pre-

intervention testing. Following an overnight fast, and having refrained from exercise 

and alcohol consumption the day before testing, a resting muscle biopsy was taken, 

followed by a 2h oral glucose tolerance test (OGTT). 

 

Participants then underwent 6 weeks of either MICT or PHT. Post-intervention VO2peak 

was assessed the day before the final MICT/ PHT session. A minimum of 48 hours 

after the final MICT or PHT session post-intervention testing was conducted using 

methods and timings identical in all respects to pre-intervention testing.  

 

Muscle Biopsy 

A resting muscle biopsy was taken from the lateral portion of the m. vastus lateralis 

using the conchotome biopsy technique under local anaesthesia (0.5% Marcaine). 

Samples were embedded in Tissue-Tek OCT Compound (Sakura Finetek Europe, 



7 
 

7 
 

Zoeterwoude, Netherlands) and immediately frozen in liquid nitrogen-cooled 

isopentane (Sigma-Aldrich, Dorset, UK). Samples were then stored at –80°C until 

analysis. 

 

Oral Glucose Tolerance Test 

Following insertion of a cannula into the antecubital vein a resting 15ml blood sample 

was taken. Participants then completed a 2 hour OGTT (14). Briefly, samples (5ml) 

were collected 30, 60, 90 and 120 minutes after the consumption of an oral glucose 

load (75g glucose made up to 300ml in water).  Plasma was separated by 

centrifugation (10 min at 1800g at 4°C) and stored at −80◦C until analysis. Plasma 

insulin concentrations were determined by enzyme linked immuno-sorbent assay 

(ELISA), using a commercially available kit (Invitrogen, UK). Plasma glucose 

concentrations were analysed using an automated analyser (Randox Laboratories, 

Antrim, UK).  Area under the curve (AUC) for insulin and glucose during the OGTT 

and the insulin sensitivity index (ISI) Matsuda were calculated as described by 

Matsuda and DeFronzo (44). 

 

Intervention  

MICT/ PHT programmes were initiated approx. 48 hours after pre-intervention testing. 

Participants in the MICT group completed 40-50 minutes of cycling on an 

electromagnetically braked cycle ergometer at an intensity eliciting approx. 65% 

VO2peak, 3 times per week. Therefore, by the final weeks of the intervention participants 

completed 150 minutes of MICT, in line with World Health Organisation guidelines for 

physical activity (61). Participants in the PHT group rested in a heat chamber at 40°C 

and approx. 40% humidity. PHT was time matched to the MICT intervention, with 
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participants completing 3 sessions per week of 40-50 minutes. All MICT and PHT 

sessions were supervised. 

 

Core and skin temperature were monitored on the first and last training sessions of 

the 6 week intervention. Mean skin temperature (Tsk) was obtained from the area 

weighted average of 4 regional temperatures measured using thermocouples (Squirrel 

Data Logger, Grant Instruments, Cambridge, UK) taped to the calf, lateral thigh, upper 

arm and chest (48). Core body temperature (Tcore) was measured using a sterile rectal 

thermistor probe (Grant Instruments, Cambridge, U.K), inserted approx. 10cm past the 

anal sphincter. Mean body temperature (TBody) was calculated as follows (17):  

TBody = 0.8 x Tcore + 0.2 x Tsk 

Immunoflurescence microscopy 

Details of the specific quantification techniques can be found below and all techniques 

have been described in detail previously, including antibody specificity experiments 

(10, 14, 15, 51, 52). All techniques used frozen muscle biopsy samples, orientated to 

provide cross sections, cryosectioned to a thickness of 5µm onto uncoated glass 

microscope slides. For eNOS content, eNOS ser1177 phosphorylation, GLUT4 content 

and capillarisation measures sections were fixed in acetone and ethanol (3:1) for 5 

minutes. For mitochondrial density and IMTG analysis sections were fixed in 3.7% 

formaldehyde for 1 hour, rinsed briefly (3 x 30s) in deionized water, and permeabilized 

in 0.5% Triton-X 100 for 5 minutes. Subsequently, slides underwent incubation with 

appropriate primary antibodies against OXPhos Complex IV (Invitrogen, Paisley, UK), 

eNOS (Transduction Laboratories, Lexington, KY, USA), eNOS ser1177 (Cell Signalling 

Technology, Beverly, MA, USA) or GLUT4 (Abcam, Cambridge, UK). Muscle fibre type 

(used during analysis of mitochondrial density, IMTG content and capillarisation) was 
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determined using an anti-myosin antibody for slow twitch fibres (A4.840 was deposited 

to the developmental studies hybridoma bank (DSHB) by Blau, H.M. (DSHB 

Hybridoma Product A4.840)). Following primary antibody incubation sections were 

incubated in appropriate secondary antibodies and UEA-I-FITC (Sigma-Aldrich, UK) 

(eNOS content and phosphorylation and capillarisation) and/ or wheat germ agglutinin-

350 (WGA-350; Invitrogen) (mitochondrial density, GLUT4 content, IMTG content  and 

capillarisation) as markers of the endothelium and plasma membrane, respectively. 

Finally, for IMTG visualisation sections were incubated with Bodipy (Sigma-Aldrich).  

 

Images for mitochondrial density and capillarisation were acquired using a Lecia 

DM6000FS widefield microscope and 40x 0.6NA objective. Images for eNOS, eNOS 

ser1177 phosphorylation, GLUT4 and IMTG content were acquired using an inverted 

confocal microscope (Zeiss LSM-710, Carl Zeiss, Germany) with a 40x 1.3NA oil 

immersion objective. Identical settings were used for all image capture within each 

participant. All image analysis was performed using ImagePro 5.1 Software (Media 

Cybernetics Inc, Bethesda, MD, US).    

 

Image Analysis 

Mitochondrial density and GLUT4 content 

Mitochondrial density (measured through COXIV protein expression, a mitochondrial 

marker which has previously been shown to correlate with mitochondrial fractional 

area (40)) and GLUT4 content were assessed using the methods described by 

Shepherd et al. (52) and Bradley et al. (10), respectively. Briefly,  fluorescence 

intensity was quantified by measuring the signal intensity within the intracellular 

regions of a mask created by the WGA-350 stain in a fibre type specific manner. 106±7 
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fibres (43±3 type 1 fibres; 63±5 type 2 fibres) and  89±5 fibres were assessed per 

participant for mitochondria and GLUT4, respectively.  

 

IMTG Analysis 

Fibre type specific IMTG analysis was assessed using the method described in 

Shepherd et al (51). Briefly, an intensity threshold was uniformly selected to represent 

a positive signal for IMTG. IMTG content was expressed as the positively stained area 

fraction relative to the total area of each muscle fibre. The area of individual lipid 

droplets (IMTG objects) was used as a measure of size. Lipid droplet density was 

calculated as the number of IMTG objects relative to area. 104±6 fibres (49±4 type 1 

fibres; 54±5 type 2 fibres) were assessed per participant. 

 

eNOS content and ser1177 phosphorylation  

Quantitative Immunoflurescence microscopy was used to assess eNOS content and 

ser1177 phosphorylation as described by Cocks et al (15). Briefly, the endothelial (UEA-

I-FITC) outline was overlaid onto corresponding eNOS images. Fluorescence intensity 

of the eNOS signal was then quantified within the endothelial specific area. The CV 

for eNOS and eNOS ser1177 assays has previously been shown to be 7% (15). 87±4 

vessels were assessed per participant. 

 

Capillarisation  

Capillaries were quantified in a fibre type specific manner manually, using the UEA-I, 

WGA-350 and myosin heavy chain images. Capillary density (CD) was measured as 

a global measure of capillarity proportional to the volume of each muscle fiber. The 

following fibre type specific indices of capillarity were also measured 1) capillary 
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contacts (CC), 2) sharing factor, 3) capillary-to-fibre ratio on an individual-fibre basis 

(C:FI), and 4) capillary–fibre perimeter exchange (CFPE) index. For a detailed 

description of the indices measured readers are encouraged to see the work of  Hepple 

(28). Briefly, capillary contacts (CC) refers to the number of capillaries around a 

muscle fiber. Sharing factor calculates the number of muscle fibers a capillary is in 

contact with. Capillary-to-fibre ratio on an individual-fibre basis (C/FI) is the sum of the 

fractional contribution of each capillary around a fiber, based on the number of fibers 

sharing each capillary (i.e., the sharing factor) (see Fig. 1 for description). Capillary–

fibre perimeter exchange (CFPE) index was then calculated as the quotient of C/FI 

and fiber perimeter for each fiber, allowing capillarity to be measured proportional to 

the 3-dimensional surface area of each muscle fiber.  35±2 fibres (16±1 type 1 fibres; 

19±1 type 2 fibres)  were assessed per participant. 

 

Statistics 

Mitochondrial density, IMTG content, capillary contacts, capillary-to-fibre ratio on an 

individual-fibre basis, capillary–fibre perimeter exchange, fibre cross-sectional area 

and perimeter were analysed using a three-way mixed ANOVA, with the between-

group factor being ‘group’ (MICT versus PHT) and within-group factors ‘intervention 

status’ (pre-versus post-intervention) and ‘fibre type’ (type I versus type II). TBody, Tcore 

and Tsk were analysed using a three-way mixed ANOVA, with the between-group 

factor being ‘group’ (MICT versus PHT) and within-group factors ‘intervention status’ 

(pre-versus post-intervention) and ‘time’ (pre-versus post acute MICT/ PHT session). 

All other variables were analysed using a two-way mixed ANOVA, with the between-

group factor being ‘group’ (MICT versus PHT) and repeated factor being ‘intervention 

status’ (pre- versus post-intervention). In the case of a significant interaction a 
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Bonferroni post hoc test was applied to locate the differences. All analyses were 

performed using statistical analysis software (SPSS for windows version 16.0 

(SPSS,Chicago,IL,USA)). Significance was set at P < 0.05. Data are presented as 

means ± SEM. The primary aim of the study was to compare the effects of PHT and 

MICT on skeletal muscle capillarisation and microvascular eNOS content. The study 

was powered to detect between-group (PHT versus MICT) differences in these 

variables in response to training. G∗Power 3.1 software (G∗Power Software Inc., Kiel, 

Germany) was used to calculate the required sample size. The study was designed to 

detect a between-group effect of f=0.30, representative of a medium-sized effect (16), 

adopting an alpha of 0.05 and power of 0.80. An f of 0.30 was deemed to be a 

physiologically relevant difference, as the authors have previously observed an effect 

of this size following 6 weeks of sprint interval training and MICT in sedentary males 

(14). 

 

 

Results 

Temperature changes during training 

There was no difference in mean skin temperature from the first to the last intervention 

sessions (main effect of intervention P=0.266). Mean skin temperature was 

significantly higher during PHT than MICT (between group difference P<0.001). Mean 

skin temperature increased during the sessions (main effect of time (pre-versus post 

acute MICT/ PHT session) P<0.001), however, a significant group x time interaction 

was also observed (P <0.001; Fig. 2A). When this interaction was explored participants 

in the PHT group had significantly higher mean skin temperatures than those doing 
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MICT, both pre- (P=0.01) and post-session (P<0.001). However, mean skin 

temperature increased from pre- to post-session in both MICT (P=0.001) and PHT 

(P<0.001) groups.  

 

The interventions had no effect on core body temperature (main effect of intervention 

P=0.286). Core body temperature was higher during MICT than PHT (between group 

difference P=0.021). Core body temperature increased during the sessions (main 

effect of time (pre-versus post acute MICT/ PHT session) P<0.001), however, a 

significant  group x time interaction was also observed (P<0.001; Fig. 2B). When this 

was investigated core body temperature was not different between MICT and PHT 

pre-session (P=0.410), but was significantly higher post-session in participants 

completing MICT compared to PHT (P<0.001). During the sessions core body 

temperature was increased by MICT (P<0.001), but not by PHT (P=0.299).   

 

The interventions had no effect on mean body temperature (main effect of intervention 

P=0.217). There was a significant main effect of time (pre-versus post acute MICT/ 

PHT session) on mean body temperature (P<0.001; Fig. 2C), with mean body 

temperature increasing during the MICT/ PHT sessions. There was no difference 

between groups in mean body temperature.   

  

Intervention effect 

No differences were observed between groups at baseline for any of the variables. 

The interventions increased both absolute (MICT 7%, PHT 6%) and relative (MICT 

7%, PHT 5%) VO2peak with a main effect of intervention (absolute P=0.01, relative 

P=0.01; Table 1.), and no difference between groups. The Matsuda insulin sensitivity 
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index was also improved following the interventions (MICT 36%, PHT 15%; main effect 

of intervention P=0.005; Table 1.), with no difference between groups or group x 

intervention interaction (P=0.161). Glucose area under the curve (AUC) was reduced 

by the interventions (MICT 18%, PHT 7%; main effect of interventions P=0.001; Table 

1.), with no difference between groups. Neither training mode reduced insulin AUC 

(P=0.833; Table 1.).  

 

Skeletal Muscle Microvascular Adaptations 

Both MICT and PHT increased eNOS content (MICT 12%, PHT 8%) with a main effect 

of intervention (P<0.001; Fig. 3C), and no differences between the interventions. In 

accordance, eNOS ser1177 phosphorylation increased following the interventions 

(MICT 7%, PHT 4%; main effect of intervention P=0.05; Fig. 3D), with no difference 

between groups. However, when eNOS phosphorylation was expressed relative to 

eNOS content there was a significant decrease in eNOS ser1177 phosphorylation 

(MICT -7%, PHT -3%, main effect of intervention P=0.045; Fig. 3E), with no difference 

between groups.  

 

Type II fibres had a significantly larger fibre area and perimeter than type I fibres (main 

effect of fibre type P=0.014 and P=0.001, respectively), but neither fibre area nor 

perimeter were altered by the interventions (fibre area P=0.506; perimeter P=0.308). 

Capillary density was increased 11% following MICT and 21% following PHT (main 

effect of intervention P=0.015; Fig. 3B), with no difference between groups. Capillary-

to-fibre ratio and capillary-fibre perimeter exchange index were both higher in type I 

fibres than type II fibres (main effect of fibre type P=0.048 and P<0.001, respectively), 

irrespective of training status. There was no significant difference between fibre types 



15 
 

15 
 

for capillary contacts, however, there was a trend for increased capillary contacts in 

type I fibres compared to type II fibres (main effect of fibre type P=0.071). Capillary–

fibre perimeter exchange index was increased by 12% following MICT and 15% 

following PHT with a main effect of intervention (P=0.012), and no differences between 

groups. Capillary contacts and capillary-to-fibre ratio were also increased following the 

interventions (Capillary contacts, MICT 9%, PHT 12%, P =0.049; capillary-to-fibre 

ratio, MICT 10%, PHT 12% P=0.025), with no difference between groups. Data are 

presented in Table 2.  

 

Myocyte Adaptations  

COXIV protein expression (fluorescence intensity), representing mitochondrial 

density, was greater in type I fibres than type II fibres (main effect of fibre type 

P<0.001). Mitochondrial density increased following the interventions (main effect of 

intervention P=0.003). However, a significant group x intervention interaction was also 

observed (P=0.035; Fig. 4E). When this interaction was explored mitochondrial density 

was increased following MICT (40%; P<0.001), but not PHT (11%; P=0.443). No 

significant differences in mitochondrial density existed between interventions. 

 

GLUT4 content indicated by fluorescence intensity, was unchanged by the 

interventions (main effect of interventions P=0.256). However, a significant interaction 

was also observed (group x intervention interaction P=0.008; Fig. 4D). When within 

group differences were examined GLUT4 content was significantly increased following 

MICT (P=0.009), but no changes were observed following PHT (P=0.217). No 

significant differences in GLUT4 content existed between the interventions.  
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IMTG content (expressed as percentage area stained), lipid droplet size and density  

were significantly greater in type I fibres compared to type II fibres (main effect of fibre 

type P<0.001). IMTG content was unchanged by the interventions (main effect of 

intervention P=0.063). However, a significant group x intervention interaction was also 

observed (P=0.050; Fig. 4F), with IMTG content significantly increasing following 

MICT (P=0.01), but not following PHT (P=0.957). No significant differences in IMTG 

content were observed between interventions.  

 

This finding was attributed to a significant increase in lipid droplet density following 

MICT as the interventions significantly increased lipid droplet density (main effect of 

intervention P<0.05). However, as above a significant  group x intervention interaction 

was also observed (P<0.05). When this was investigated IMTG density was increased 

following MICT (pre-training type I 0.041±0.006µm2 vs. post-training type I 

0.069±0.004µm2; pre-training type II 0.021±0.003µm2 vs. post-training type II 

0.032±0.004µm2; P<0.05), but not PHT (pre-training type I 0.059±0.007µm2 vs. post-

training type I 0.062±0.008µm2; pre-training type II 0.029±0.005µm2 vs. post-training 

type II 0.028±0.004µm2;P=0.806). No significant differences in IMTG density were 

observed between the interventions. IMTG size was unchanged by the interventions 

(main effect of intervention P=0.765), with no difference between interventions. 

 

 

 

Discussion  

The primary finding of this study is that 6 weeks of PHT increased skeletal muscle 

capillarisation and endothelial specific eNOS content to a similar extent as a time-
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matched traditional MICT intervention in young sedentary males. However, unlike 

traditional MICT 6 weeks of PHT did not induce increases in skeletal muscle 

mitochondrial density, GLUT4 or IMTG content. Importantly these microvascular 

adaptations were paralleled by improvements in maximum aerobic capacity and whole 

body insulin sensitivity. These results add to the growing body of literature that 

supports PHT as a potential intervention to induce health benefits, although the data 

suggests improvements within the skeletal muscle microvasculature rather than 

myocyte are the primary adaptation.  

 

Skeletal Muscle Microvascular Adaptations 

This is the first study to investigate the effect of PHT on skeletal muscle microvascular 

adaptations in humans. The data suggests that PHT induces similar increases in 

capillarisation and endothelial specific eNOS content to traditional MICT, with the 

results indicating a similar magnitude of change to previous studies investigating these 

microvascular adaptations following MICT in young healthy individuals (4, 13, 14). The 

findings extend recent work by Kuhlenhoelter et al. (39) showing that acute exposure 

to lower body heating or local thigh heating (water circulating garment at 48-52°C) 

increase expression of key angiogenic factors associated with capillary growth, 

including VEGF and angiopoietin 2, in human skeletal muscle. It also confirms 

previous work in animals showing that PHT, through hot water immersion or sauna 

therapy, increases skeletal muscle capillarisation and eNOS expression (45, 46). 

 

Recent in vitro studies and work utilising animal models have proposed a primary role 

for increased expression of HSPs mediating the increase in eNOS content and 

angiogenesis following PHT. Inhibition of HSP90 using 17-AAG in human umbilical 
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vein endothelial cells (HUVECs) has been shown to attenuate the expression of 

eNOS, likely through suppression of eNOS gene transcription rather than any effect 

on eNOS mRNA stability (54). Treatment with 17-AAG also inhibited endothelial cell 

migration under basal and VEGF stimulated conditions. The study also showed that 

the inhibitory effect of 17-AAG on angiogenesis was nitric oxide (NO) mediated, 

suggesting a role for the increased eNOS content in this study in the increased 

capillarisation observed. In a similar in vitro study Shiota et al. (53)  showed that 

inhibition of HSP70, using KNK437, significantly decreased VEGF induced cell 

migration and tube formation in HUVECs. Finally, inhibition of HSP90 using 17-AAG 

has been shown to attenuate the beneficial effects of sauna therapy (Waon therapy 

using a far infrared dry sauna system at 61°C) on capillarisation in apolipoprotein E-

deficient mice (45). Interestingly, the effect of a similar sauna therapy (far infrared dry 

sauna system at 41°C) on capillarisation was shown to be dependent on eNOS 

mediated NO production in apolipoprotein E-deficient mice (1). Importantly, 

Kuhlenhoelter et al. (39) have recently shown that PHT, through lower body heating 

or local thigh heating using a water circulating garment at 48-52°C, increases 

expression of HSPs in human skeletal muscle, including members of the HSP90 and 

HSP70 families. Another potential mechanism for the increased capillarisation and 

eNOS content observed could be an increase in skeletal muscle blood flow and shear 

stress during PHT. It has been shown that NO dependent increases in shear stress 

are a key stimulus for angiogenesis (34). A number of studies have shown that skeletal 

muscle blood flow increases with passive heat stress (26, 37, 47). Importantly, 

Pearson et al. (47) showed that whole-body heat stress, which increased skin but not 

rectal temperature (water perfused suit), induced significant increases in estimated leg 

tissue blood flow as well as skin blood flow. This suggests that a less extreme heating 
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protocol, as used in the present study, could induce significant increases in muscle 

blood flow.  

 

The increase in capillarisation and endothelial specific eNOS content following PHT 

likely contribute to the increased aerobic capacity and insulin sensitivity observed 

following PHT. Increased skeletal muscle capillarisation is an established adaptation 

that likely contributes to the increased VO2peak , increasing red blood cell transit time 

and decreasing diffusion distance to optimise delivery and extraction of oxygen to the 

working muscle (4, 7, 49). However, it should not be discounted that increases in 

plasma volume, not measured in the current study, could have also contributed to the 

increase in VO2peak observed following PHT (18). In addition, pharmacological 

increases in angiogenesis using Prazosin (an α1-adrenergic receptor antagonist) has 

demonstrated the importance of capillarisation for insulin sensitivity in rats (2). Animals 

treated with Prazosin for 3 weeks showed a 20% increase in capillary density which 

resulted in a 30% increase in insulin-stimulated skeletal muscle glucose disposal, 

despite skeletal muscle insulin signalling being unchanged. In addition, the increase 

in endothelial specific eNOS content following PHT may potentially lead to greater NO 

production upon stimulation with insulin (59). As insulin mediated NO-dependent 

increases in skeletal muscle perfusion are essential for optimal glucose uptake (57, 

58) the increase in eNOS content could contribute to the increase in insulin sensitivity 

observed. Indeed, Kubota et al. (38) demonstrated the importance of increasing eNOS 

content through administration of bera-prost sodium, a prostaglandin I2 analogue that 

increases eNOS mRNA expression and protein synthesis. This pharmacological 

intervention resulted in increased skeletal muscle capillary perfusion and glucose 

uptake in mice lacking IRS-2 in endothelial cells and fed a high-fat diet.  
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Skeletal Muscle Myocyte Adaptations 

Contrary to our initial hypothesis, and unlike MICT, PHT did not induce improvements 

in mitochondrial density, GLUT4 or IMTG content. This hypothesis was driven by work 

in C6C12 myotubes (42) and mice (55) showing that heat stress could increase 

mitochondrial biogenesis. As such, it would appear that human skeletal muscle does 

not respond to whole-body PHT in the same way as cell models or mice, however, as 

discussed below the potential of more extreme heating protocols should not be 

discounted. In addition, the potential effect of PHT in patient groups or elderly 

individuals should be investigated in future studies.  Interestingly, a recent study in 

young sedentary men and women has shown that repeated exposure to local heat 

stress, inducing significant increases in muscle temperature, for 6 days (2h/ day of 

pulsed shortwave diathermy) improved mitochondrial function, measured through 

mitochondrial respiratory capacity (24). However, this study did not show an increase 

in citrate synthase activity, a common marker of mitochondrial content.  

 

Importantly, core temperature was not increased by the PHT intervention used in the 

current study (40°C and 40% humidity). Much of the previous work investigating PHT 

has used more extreme heating protocols resulting in significant increases in core 

temperature, including hot water immersion (approx. 40°C)(5, 11) and sauna bathing 

(>70°C and 10-20% humidity)(41). It was the research team’s aim to use a less 

extreme protocol than previous work, that was of a similar duration to a typical exercise 

training session, as the experience of our group and others suggests that hot water 

immersion and sauna therapy can be associated with heat intolerance (3) and 

dizziness upon standing (32). Therefore, the current work suggests that a more 
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tolerable PHT intervention can induce significant improvements in skeletal muscle 

capillarisation and eNOS content. However, Faulkner et al. (22) have recently 

demonstrated that the change in extracellular Heat Shock Protein (HSP) 70  following 

acute hot water immersion is positively correlated with the change in mean body 

temperature. As discussed above elevations in HSP’s could be one of the primary 

mechanisms behind adaptations following PHT, therefore, it cannot be discounted that 

the previously employed protocols could have induced greater adaptations or induced 

improvements within the myocyte. As such, future studies should attempt to 

investigate the dose response to PHT in order to establish the most effective, but 

tolerable intervention. 

 

As changes in mitochondrial function, GLUT4 and IMTG content have been associated 

with insulin sensitivity, it was hypothesised that increases in these factors could have 

contributed to the increased insulin sensitivity observed in the current study. As no 

changes were observed within the myocyte this study may suggest that PHT induces 

improvements in insulin sensitivity through microvascular adaptations alone. 

Interestingly, although increases in whole body insulin sensitivity were statistically 

similar using the small sample size employed in this study, the increase following PHT 

was approximately half that of MICT. To confirm this hypothesis future work should 

investigate the effect of PHT on insulin-mediated activation of the insulin signalling 

cascade and GLUT4 translocation. However, if true PHT could represent an important 

model to investigate the effect of changes in skeletal muscle microvascular function 

alone on insulin sensitivity in humans. This hypothesis is added to by the recent work 

of Marshal et al. (43) who demonstrated that muscle specific overexpression of HSP72 

induced increases in whole body and skeletal muscle glucose uptake in high fat fed 
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mice. However, this improvement was observed without changes in the insulin 

signalling cascade or mitochondrial biogenesis, again pointing to a factor outside the 

myocyte as responsible for the improvements observed.  

 

Limitations 

We decided not to include a control group with repeated measurements in this study 

for comparison. This would have strengthened the design, but reduced the feasibility 

of completing the study (e.g. due to costs, time demands and recruitment difficulties). 

The study was powered to detect a medium effect size between groups for skeletal 

muscle capillarisation and microvascular eNOS content, and as a result the sample 

size was not high enough to detect between-group differences in other variables 

displaying a larger variability (e.g. increases in VO2peak and whole body insulin 

sensitivity). As such, translational studies with a larger number of participants are 

required before it can be concluded that PHT and MICT are similarly effective in 

inducing adaptation in all the variables investigated in this study. We also acknowledge 

that the conclusions made in this study should be restricted to previously sedentary 

young adult males. The study used COXIV as a marker of mitochondrial density. 

Although COXIV shows a significant correlation to mitochondrial fractional area, future 

studies should aim to use markers with a higher correlation, for example Cardiolipin or 

citrate synthase activity (40). 

 

Conclusion 

This study provides novel information that 6 weeks of PHT can induce similar 

increases in skeletal muscle capillarisation and endothelial specific eNOS content to 

a time matched traditional MICT intervention in previously sedentary young males. 
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However, unlike MICT PHT did not induce increases in skeletal muscle mitochondrial 

density, GLUT4 and IMTG content. In addition, it is shown that these changes in 

skeletal muscle microvascular capillarisation and eNOS content were paralleled by 

improvements in maximal aerobic capacity and insulin sensitivity, suggesting that 

microvascular adaptations may contribute to functional improvements following PHT 

in young sedentary males. Finally, the study adds to the growing body of literature that 

suggests PHT may be an effective alternative intervention to traditional MICT for those 

who are unable or unwilling to exercise at an intensity great enough to achieve 

significant health benefits.  
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Tables  

Table 1. Participant Characteristics 

 

Data provided are means ±SEM (n=10 per group). BMI, body mass index; MICT, 

moderate intensity continuous training; PHT, passive heat therapy. * P<0.05, main 

effect of intervention 

 

 

 

 

 MICT PHT 

Variable Pre-

Intervention 

Post-

Intervention 

Pre-

Intervention 

Post-

Intervention 

Age 20±1  21±1  

Height (cm) 180±1  180±2  

Weight (kg) 79±4 79±4 80±5 80±5 

BMI (kg.m-2) 24±1 24±1 25±2 25±2 

VO2peak (l.min-1)* 3.6±0.2 3.9±0.2 3.6±0.2 3.8±0.2 

VO2peak (ml.kg-1.min-1)* 46.4±2.7 49.5±2.8 44.8±2.3 47.0±1.7 

ISI Matsuda* 117±17 159±20 103±11 119±18 

AUC Glucose   

(mmol l−1 (120min)−1)* 

9157±594 7338±589 10303±560 9543±558 

AUC Insulin  

(mmol l−1 (120min)−1 

5501±995 4645±1715 6750±915 7302±1580 
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Table 2. Capillarisation  

 MICT PHT 

Variable Pre-

Intervention 

Post-

Intervention 

Pre-

Intervention 

Post-

Intervention 

Overall FA (µm2)  4035±532 3886±456 4477±448 3943±389 

Type I FA (µm2)  3844±460 3663±462 4343±437 3708±330 

Type II FA (µm2)  4242±622 4028±501 4689±554 4247±458 

Overall perimeter (µm2)  290±19 277±14 297±17 288±18 

Type I perimeter (µm2)  281±18 267±15 289±19 277±19 

Type II perimeter (µm2)  299±23 283±15 308±19 300±19 

Overall CC * 3.77±0.19 4.03±0.19 3.40±0.37 3.80±0.31 

Type I CC * 3.79±0.19 4.03±0.19 3.55±0.36 3.98±0.29 

Type II CC * 3.80±0.20 3.73±0.27 3.29±0.44 3.76±0.34 

Overall C/FI * 1.51±0.08 1.66±0.09 1.39±0.14 1.56±0.14 

Type I C/FI * 1.54±0.10 1.71±0.09 1.47±0.14 1.62±0.13 

Type II C/FI * 1.50±0.08 1.53±0.13 1.33±0.17 1.54±0.16 

Overall CFPE * 5.47±0.49 6.14±0.39 4.81±0.51 5.54±0.48 

Type I CFPE * 5.78±0.58 6.56±0.38 5.20±0.45 6.03±0.49 

Type II CFPE * 5.29±0.45 5.59±0.48 4.48±0.63 5.15±0.49 

 

Values are means ± SEM (n=10 per group). CC, capillary contacts; C/FI, capillary-to-

fibre ratio on an individual fibre basis; CFPE, capillary-fibre-perimeter exchange; FA, 

fibre cross sectional area; MICT, moderate intensity continuous training; PHT, passive 

heat therapy. * P<0.05, main effect of intervention 

. 



35 
 

35 
 

Figures 

Figure 1. Method for calculating indices of capillarisation. 

The fibre indicated has a capillary contacts (CC) of six, five of these capillaries are in 

contact with three muscle fibres (sharing factor of three) and one capillary is in contact 

with two muscle fibres (sharing factor of two). Capillary-to-fibre ratio on an individual 

fibre basis (C/FI) is calculated by taking the sum of these two proportions: C/FI = (5 x 

1/3)+(1 x 1/2) = 2.17. 

 

Figure 2. Mean skin temperature, core body temperature and mean body 

temperatures during the first and last sessions of moderate intensity 

continuous training (MICT) and passive heat therapy (PHT).   

A. Mean skin temperature during the first and last MICT and PHT sessions. B. Core 

body temperature, measured as rectal temperature, during the first and last MICT and 

PHT sessions. C. Mean body temperature during the first and last MICT and PHT 

sessions. * P<0.05, main effect of time (pre-versus post acute MICT/ PHT session). ¥ 

P<0.05 from MICT pre-session. § P<0.05 from MICT post-session. # P<0.05 from 

MICT pre-session. † P<0.05 from PHT pre-session. 

  

 

Figure 3. Skeletal muscle microvascular adaptations to moderate intensity 

continuous training (MICT) and passive heat therapy (PHT). 

A, representative confocal microscopy images of skeletal muscle pre- (a, c, e) and 

post-PHT (b, d, f). The skeletal muscle microvascular endothelium was revealed using 

Ulex europaeus-FITC conjugated lectin (a, b). Skeletal muscle eNOS content was 

revealed using an appropriate antibody (c, d). Skeletal muscle eNOS ser1177 
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phosphorylation was revealed using an appropriate antibody (e, f). B, mean capillary 

density. C, mean fluorescent intensity of eNOS. D, mean fluorescent intensity of eNOS 

ser1177. The mean level of eNOS or eNOS ser1177 pre-intervention was assigned a 

value of 1, and the relative intensity post-intervention was calculated. E, eNOS ser1177 

phosphorylation normalised to eNOS content (eNOS content/eNOS ser1177 

phosphorylation). * P<0.05, main effect of intervention. Bar = 25 µm. 

 

Figure 4. Myocyte adaptions following moderate intensity continuous training 

(MICT) and passive heat therapy (PHT). 

A, C representative Confocal microscopy images of skeletal muscle pre- (a, e) and 

post-PHT (b, f). A, GLUT4 was revealed using an appropriate antibody. C, Skeletal 

muscle intramuscular triglycerides (IMTG) were revealed using bodipy in combination 

with WGA-350 to mark the plasma membrane. B representative widefield microscopy 

images of skeletal muscle pre- (c) and post-intervention (d). COXIV was revealed 

using an appropriate antibody in combination with WGA-350 to mark the plasma 

membrane. D, mean fluorescent intensity of GLUT4. E, fibre type specific analysis of 

COXIV fluorescence intensity. F, fibre type specific analysis of IMTG concentration. # 

P<0.05, main effect of fibre type. † P<0.05 from MICT pre-intervention. Bar = 50 µm. 

 

 

 


