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Abstract:: Impaired metabolism is becoming one of the main causes of mortality and the 
identification of strategies to cure those diseases is a major public health concern. A number 
of therapies are being developed to treat type 2 diabetes mellitus (T2DM), but few of them 
focus on situations prior to diabetes. Obesity, aging and insulin resistance are all risk factors, 
which fortunately can be reversed to some extent. Non-drug interventions, such as exercise, 
are interesting strategies to prevent the onset of diabetes, but it remains to determine the 
optimal dose and conditions. In the search of optimizing the effects of physical exercise to 
prevent T2DM, hypoxic training has emerged as an interesting and original strategy. Several 
recent studies have chosen to look at the effects of hypoxic training in people at risk of 
developing T2DM. Therefore, the purpose of this narrative review is to give an overview of 
all original articles having tested the effects of a single exercise or exercise training in 
hypoxia on glucose metabolism and other health-related parameters in people at risk of 
developing T2DM. Taken together, the data on the effects of hypoxic training on glucose 
metabolism, insulin sensitivity and the health status of people at risk of T2DM are incon-
clusive. Some studies show that hypoxic training can improve glucose metabolism and the 
health status to a greater extent than normoxic training, while others do not corroborate the 
latter. When an additional benefit of hypoxic vs normoxic training is found, it still remains to 
determine which signaling pathways and molecular mechanisms are involved. 
Keywords: hypoxic training, glucose metabolism, insulin resistance, obesity, prediabetes

Introduction
Type 2 diabetes mellitus (T2DM) has been rising up the past 30 years and is estimated 
to increase further in the coming years according to the World Health Organization 
(WHO). This chronic disease together with its complications is a huge public health 
problem and represents an important cost for the society.1 While finding effective 
therapeutic strategies in the treatment of diabetes appears to be essential, current 
worldwide attention is shifting towards the prevention of T2DM. Pre-diabetes is 
defined as impaired fasting glycaemia or impaired glucose tolerance and is 
a predictor of future diabetes risk.2 Focusing on pre-diabetic people or even targeting 
other risk factors prior to the development of pre-diabetes could be an interesting 
strategy to prevent T2DM. Inactive lifestyle, aging of the population, obesity and 
insulin resistance are all known risk factors for T2DM,3–5 resulting in skeletal muscle 
dysfunction, which in turn limits physical activity, alters mobility and decreases 
locomotion.6 Decreased mobility is associated with a reduction in the energy 
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expenditure and creates a vicious circle of weight gain and 
reduced quality of life.7 Based on previous evidence, increas-
ing physical activity is a commonly used measure in the 
prevention of T2DM.8 This approach focuses not only on 
weight loss but also on other associated complications such 
as dysregulation of glucose metabolism and cardiovascular 
disease.8 Different exercise modalities have been evidenced 
to induce health benefits. The reader is referred to recent 
reviews on the effects of resistance and endurance exercise, 
alone or in combination, in T2DM.9–12

While nobody will question the beneficial effects of 
classical exercise modalities on the prevention of T2DM, it 
remains to determine the optimal dose and conditions. In the 
search of optimizing the effects of physical exercise to pre-
vent T2DM, hypoxic training has emerged as an interesting 
and original strategy.13 Hypoxia refers to a state of low 
oxygen levels in tissues below physiological levels.14 

Systemic hypoxia refers to a decrease in blood oxygen pres-
sure (PO2) generalized to the entire body.15 Hypoxia can vary 
in duration of exposure, from acute and intermittent to 
chronic exposure, as well as in intensity, from moderate 
(fraction of inspired oxygen, FiO2, around 15–16%) to severe 
(FiO2 11–12%). Whether hypoxic training is really efficient 
still needs to be better documented. In healthy subjects, 
hypoxic training may improve glucose metabolism and 
health status more than normoxic exercise.16–18 Similar 
data have been found in T2DM individuals.19–21 Hypoxic 
training would lead to greater weight loss, greater energy 
expenditure, and improved regulation of lipid metabolism 
through activation of peroxisome proliferator-activated 
receptor gamma coactivator-1α (PGC1α).17 Moreover, an 
increase in the expression of glucose transporter (GLUT) 4 
was observed following exposure to hypoxia,22 explaining 
the improved regulation of glucose metabolism.

As “prevention is better than cure”, several recent stu-
dies have chosen to look at the effects of hypoxic training in 
people at risk of developing T2DM. It is now time to get an 
overview of all original articles having tested the effects of 
a single exercise or exercise training in hypoxia on glucose 
metabolism and other health-related parameters in people at 
risk of developing T2DM and to possibly conclude on the 
efficacy of hypoxic training in that specific population.

Literature Search Strategy
The search terms (Exerc*[Title] OR Train*[Title]) AND 
(Hypox*[Title] OR Altitud*[Title]) AND (Glucose[Title/ 
Abstract] OR Diab*[Title/Abstract] OR Obes*[Title/ 

Abstract] OR Metab*[Title/Abstract]) were inserted in 
PubMed and 88 clinical trial articles were returned on the 
15 March 2020. A first selection was made based on title 
relevance and language. Articles not written in English were 
excluded. Twenty-nine articles remained after this first selec-
tion round. After careful reading of the abstracts, only articles 
dealing with a single session or a whole exercise training 
period in hypoxia with people at risk of developing T2DM, 
and reporting data related to glucose metabolism, cardiovas-
cular and/or physical performance were considered, which 
reduced the number to 12 articles. In line with the narrative 
style of this review, further literature was searched on the 
topic and 7 other original articles were added to the selection. 
The criteria for people at risk of developing T2DM were 
obese people (body mass index (BMI) > 30 kg·m−2), people 
with the metabolic syndrome according to the NCEP ATP III 
definition,23 older (>65y) or sedentary (<3h physical activity/ 
week) people with a BMI > 25 kg·m−2. Finally, 19 original 
articles were selected. All studies are summarized in Table 1.

Effects of Exercise in Hypoxia on 
Glucose Metabolism
Single Exercise
While a number of studies have analyzed the effect of exercise 
in hypoxia in patients with T2DM, fewer studies were per-
formed in populations at risk of developing T2DM. However, 
this population is of particular interest since T2DM can be 
reversed up to a certain point.24 It is therefore crucial to 
develop effective strategies in this population to prevent the 
development of T2DM. In healthy sedentary subjects, a single 
exercise performed in hypoxia increased serum insulin levels 
during and after exercise, which was not the case when exer-
cise was performed in normoxia.25 No exercise-induced 
c-peptide (a short polypeptide released into the bloodstream 
as a by-product of insulin formation) modifications compared 
to the resting measurements were seen on either test day. In 
overweight men, blood glucose and serum insulin concentra-
tions did not differ between normoxic and hypoxic exercise 
conditions, consisting in three sessions of 30 min within 
a 7.5-h period, nor between rest and exercise conditions.26 In 
pre-diabetic adults, a negative regulation of glucose tolerance 
was even observed when exercise was performed under 
hypoxia compared to normoxia.27 In summary, these three 
studies show a non-positive adaptation of glucose metabolism 
in response to hypoxic exercise. The release of hyperglycemic 
hormones such as catecholamines (hormones produced by the 
adrenal glands in response to various stresses) has been shown 
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to occur after exercise28 and after exposure to hypoxia result-
ing in a transient decrease in insulin sensitivity29,30 However, 
an increase in the levels of catecholamines have been shown to 
be associated with a diminution of the secretion of insulin as 
well.31 It is therefore quite difficult to attribute the negative 
effects of hypoxic exercise on glucose tolerance to catechola-
mines in the three aforementioned studies. Two previous 
studies in T2DM subjects conversely found that hypoxic 
cycling for 60 min lead to a reduction in plasma glucose levels 
directly at the end of exercise and to an increase in insulin 
sensitivity up to 48 h after exercise in hypoxia but not in 
normoxia.20,21 The divergent results observed in those studies 
could be related to the intensity of the exercise. Exercising at 
the same absolute intensity is perceived to be more difficult in 
hypoxia than in normoxia.32 Mackenzie et al noted in the 
limitations of their study that the improvement in insulin 
sensitivity observed might be due to an increase in the relative 
intensity of exercise as the same absolute intensity was chosen 
for both the normoxic and hypoxic groups.20 On the contrary, 
for both Morishima et al26 and De Groote et al27 equal relative 
intensities were chosen and no additional positive effects of 
exercise in hypoxia vs normoxia on glucose metabolism were 
seen, quite the opposite. Glucose clearance rate was observed 
to be higher when exercise was performed in normoxia than in 
hypoxia at the same relative intensity.33 This highlights the 
importance of the absolute over the relative workload in the 
regulation of glucose metabolism during exercise. However, 
more studies in patients suffering from a dysregulation of 
glucose metabolism are needed to clarify the effects of an 
acute exercise in hypoxia on glucose homeostasis.

Exercise Training
A larger number of studies looked at the effects of a whole 
hypoxic training period on glucose metabolism in healthy 
subjects and patients suffering from glucose metabolism 
dysregulation. In healthy sedentary subjects, hypoxic exer-
cise training for 4 weeks seems to be more beneficial on 
glucose metabolism than 2 weeks as the AUC for serum 
insulin concentrations after glucose ingestion was 
decreased only in the 4-week, not the 2-week, group 
compared to before training.34 Moreover, the AUC for 
blood glucose concentrations after glucose ingestion 
decreased more after 4 weeks endurance training in 
hypoxic than in normoxic conditions in healthy sedentary 
men.35 In obese adolescents, combined endurance and 
strength training (3x/week during 6 weeks) under hypoxia 
was efficient at improving glucose tolerance and insulin 
response to a glucose challenge.36 In obese adults, insulin 

sensitivity (ISIclamp) improved after a 6-week hypoxic 
exercise training.37 Those results show that exercising in 
hypoxia can improve glucose tolerance and insulin sensi-
tivity. While insulin sensitivity improved following 
hypoxia training, insulin resistance measured by the 
HOMA IR index decreased after 4 and 6 weeks (3×/ 
week) training in both normoxia and hypoxia in obese 
adults38 and adolescents,36 respectively. In obese adoles-
cents, exercising in hypoxia once a week during 30 weeks 
did not further enhance glucose metabolism than exercis-
ing in normoxia.39 Two other studies in obese and healthy 
sedentary people found no additional effect of hypoxia 
after exercise training for 4 or 8 weeks.38,40 However, 
training workloads were significantly lower in the hypoxic 
vs normoxic group, indicating that training in hypoxia led 
to similar improvements on glucose metabolism as train-
ing in normoxia but at a lower workload. Knowing that 
obese and sedentary people have a higher risk of cardio-
vascular problems and orthopedic injuries, it would there-
fore seem advantageous to obtain the same health benefits 
at a lower intensity. Conversely, other studies found no 
additional effects of hypoxia to exercise training on glu-
cose metabolism. In obese subjects with sleep apnea, no 
improvement in glucose metabolism was found after 8 
weeks of combined exercise training neither in the nor-
moxic nor in the hypoxic group.41 Similar results were 
found in obese subjects after 8 weeks of endurance 
training.42 Finally, in men with the metabolic syndrome, 
a 6-week endurance training induced a decrease in insulin 
levels compared to basal levels when the sessions were 
performed in normoxia but not in hypoxia.43

It would appear, therefore, that the studies diverge as to 
the additional effect of exercise in hypoxia compared to 
exercise in normoxia, whether in acute or repeated exer-
cise sessions. In addition, the number and duration of 
exposures to hypoxia appear to be important parameters 
to be taken into account. However, the optimal frequency 
and duration to induce benefits on glucose metabolism is 
unknown. Another critical parameter is the exercise inten-
sity. The glucose clearance rate is proportional to the 
absolute intensity of the exercise.33 It is nowadays recom-
mended to exercise at high and even very high intensity in 
patients. For example, in subjects suffering from the meta-
bolic syndrome, an interval training session at 90% 
HRmax decreased blood glucose levels further compared 
to a continuous session at 70% HRmax.44 Up to now, the 
preponderance of high intensity interval over continuous 
training to improve glucose metabolism has not been 
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Table 1 Design and Main Results from the Studies Investigating the Effects of a Single Exercise or Exercise Training in Hypoxia vs 
Normoxia in Subjects at Risk of Developing Diabetes

Study Subjects Type of Exercise Intensity Frequency / 
Duration

Main Results Conclusions

Single exercise

Morishima 

et al26

Overweight 

men (n=8)

Rest in normoxia (FiO2 

21%): N-Rest 

Ex in normoxia: N-Ex 

Rest in hypoxia (FiO2 

15%): H-Rest 

Ex in hypoxia: H-Ex

3 sessions of 30min 

cycling at 60% VO2max 

within a 7.5-h period

4 trials ● glucose levels after ex in N-Ex 

and H-Ex 

● glucose levels after 2nd and 3rd 

meal in N-Ex and H-Ex vs Rest 

● insulin levels after ex in N-Ex 

and H-Ex 

% carbohydrate contribution in 

H-Ex > N-Ex and % fat 

contribution in H-Ex < N-Ex at 

baseline, during ex and post-ex

Carbohydrate 

oxidation was higher 

in H-Ex vs N-Ex

De Groote 

et al27

Healthy (H) 

and pre- 

diabetic (P) 

subjects 

(n=32)

Ex in normoxia (FiO2 

21%): NE 

Ex in hypoxia (FiO2 14%): 

HE

60 min cycling at 

HR=55% VO2max 

(evaluated in NE)

1 day ● AUC blood glucose in H HE and 

P HE 

● insulin levels at T120 of OGTT 

in P HE 

● p-TBC1D1 at Ser237 and in 

p-AMPK at Thr172 in P NE and 

H HE 

● p-ACC at Ser212 in all groups

Hypoxia could alter 

glucose tolerance 

post-ex through 

unidentified 

mechanisms

Exercise training

Britto 

et al39

Obese 

adolescents 

(n=14)

Training in normoxia  

(FiO2 21%; n=7): N 

Training in hypoxia (FiO2 

15%; n=7): H 

(1) 12min 

cycloergometer 

(2) resistance training

(1) session 1: 10min 70% 

MAP 

session 2: 5x1min 80% 

MAP 

session 3: start at 40% 

MAP and increase of 10%/ 

2min 

(2) 15 reps 50% 1RM + 

4×6 reps 70% 1RM 

(r=2min) 

Session duration: 50– 

60min

1x/week, 30 

weeks

● BM, BMI, waist circumference 

and % fat mass in N and tendency 

● in H 

● fat mass similarly in N and H 

● VO2max, ● MAP, ● 1RM in 

N and H 

● systolic blood pressure in N 

= insulin sensitivity markers 

● triglycerides plasma levels in H

Even a low dose of 

ex per week can 

induce positive 

health outcomes, no 

matter the ex 

conditiosn (N or H)

Mai et al37 Obese men 

with 

metabolic 

syndrome 

(n=23)

Training in normoxia  

(FiO2 21%; n=11): N 

Training in hypoxia (FiO2 

15%; n=12): H

Interval training 50–60%  

HRmax: 15min walking + 

5min break 

Session duration: 60min

3x/week, 6 

weeks

● ISIClamp in H 

● individual circulating VEGF 

levels in H 

tendency ● adipose VEGF mRNA 

levels in H

H training could 

potentiate the 

effects of ex on 

myocellular insulin 

sensitivity

Park et al70 Obese old 

Korean men 

(n=24)

Training in normoxia  

(FiO2 21%; n=12): N 

Training in hypoxia (FiO2 

14.5%; n=12): H 

(1) aerobic ex 

(2) resistance ex

(1) 30min treadmill or 

cycling 60–70% HRmax 

(2) 30–40min elastic ex: 

3×10-15 reps 60–70% 

1RM (r=90s)

3x/week, 12 

weeks

● BM and % body fat in N and 

H and ● fat-free mass in N and H 

H > N at improving physical 

fitness, pulmonary function and 

HR variability 

● forced vital capacity and 

expiratory volume in 1s in H and 

● max ventilation in H and N 

● salivary cortisol in N and H

Compared with 

N training, 

H training is a novel 

and successful 

health promotion 

method in obese 

older populations

(Continued)
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Table 1 (Continued). 

Study Subjects Type of Exercise Intensity Frequency / 
Duration

Main Results Conclusions

De Groote 

et al36

Obese 

adolescents 

(n=14)

Training in normoxia  

(FiO2 21%; n=7): N 

Training in hypoxia (FiO2 

15%; n=7): H 

(1) 12min 

cycloergometer 

(2) resistance training

(1) session 1: 10min 70% 

MAP 

session 2: 5x1min 80% 

MAP 

session 3: start at 40% 

MAP and increase of 10%/ 

2min 

(2) 15 reps 50% 1RM + 

4×6 reps 70% 1RM 

(r=2min) 

Session duration: 50– 

60min

3x/week, 6 

weeks

● AUC of plasma insulin in H 

● glucose levels in H 

● triglycerides levels and ● MAP, ● 
work capacity at 160bpm, ● 
carbohydrate consumption during 

ex in H

H training improved 

glucose tolerance 

and insulin response 

to a glucose 

challenge in 

adolescents with 

obesity

Camacho- 

Cardenosa 

et al67

Overweight/ 

obese 

woman 

(n=59)

(1) aerobic interval 

training in normoxia  

(FiO2 21%; n=15): AitN 

(2) aerobic interval 

training in hypoxia (FiO2 

17.2%; n=13): AitH 

(3) sprint interval training 

in normoxia (FiO2 21%; 

n=18): SitN 

(4) sprint interval training 

in hypoxia (FiO2 17.2%; 

n=15): SitH

(1)-(2): 3min 90% Wmax 

+ 3min 55–65% Wmax 

(3)-(4) 30s 130% Wmax + 

3min 55–65% Wmax 

Session duration: 

Ait = 41.5min 

Sit = 29.6min

3x/week, 12 

weeks 

T1: pre; T2: 

after 18 

sessions; T3: 

7 days post; 

T4: 4 weeks 

post

● % fat mass from T1 to T3/T4 in 

SitH and AitH 

● muscle mass from T1 to T4 in 

SitH and AitH 

● basal metabolic rate at T4in 

AitH 

● fat and ● carbohydrate 

oxidation from T1 to T4 in AitN 

tendency ● fat and ● 
carbohydrate oxidation from T1 

to T4 in AitH

SitH seems 

promising for 

reducing body fat 

content with 

a concomitant 

increase in muscle 

mass

González- 

Muniesa 

et al41

Obese men 

with sleep 

apnea 

syndrome 

(n=41)

(1) control (FiO2 21%; 

n=15): C 

(2) training in normoxia  

(FiO2 21%; n=12): N 

(3) training in hypoxia  

(FiO2: first 2 weeks 16.0% 

and rest 13.7–14.8%; 

n=14): H

(1) healthy diet 

(2) 15min cycling + 15min 

lifting 4kg 

(3) 15min cycling + 15min 

lifting 4kg 

Session duration: 60min

2x/week, 8 

weeks

● body weight, fat-free mass (C > 

N), waist circumference in all 

groups 

● hip circumference in H and N 

● RERmax in H and N 

● exertion time in H 

● diastolic blood pressure in H 

= blood glucose in all groups

Specific benefits of 

H training on 

cardiometabolic- 

related 

measurements with 

a therapeutical 

potential in obese 

individuals

Kong et al69 Obese young 

adults 

(n=18)

(1) training in normoxia  

(FiO2 21%; n=8): N 

(2) training in hypoxia  

(FiO2 16.4–14.5%; n=10): 

H

(1) 22h normoxia/week 

(2) 16h normoxia and 6h 

hypoxia/week 

aerobic: running, stepping 

or cycling 50–70% HRmax 

strength: 3×15 

repetitions 40–50% 1RM 

or light dumbbells

22h/week, 4 

weeks

● body weight in H > N 

● systolic blood pressure in H and 

● in N 

● resting HR in N

H training coupled 

to low caloric diet 

might be a promising 

method to lose 

weight and to treat 

obesity

Wiesner 

et al38

Overweight 

to obese 

subjects 

(n=45)

Training in normoxia  

(FiO2 21%; n=21): N 

Training in hypoxia (FiO2 

15%; n=24): H

60min treadmill HR=65%  

VO2max (evaluated in N)

3x/week, 4 

weeks

training workload in H < N 

● VO2max and time to exhaustion 

in N and H 

● RER and lactate levels at the 

anaerobic threshold in H 

● body fat in H > N 

● fat free mass in H 

● fasting insulin and HOMA index 

in N and H

In obese subjects, 

H training elicits 

similar or better 

effects on physical 

fitness, metabolic 

risk markers, and 

body composition at 

a lower workload

(Continued)
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Table 1 (Continued). 

Study Subjects Type of Exercise Intensity Frequency / 
Duration

Main Results Conclusions

Netzer 

et al71

Obese 

subjects 

(n=20)

Training in normoxia  

(FiO2 21%; n=10): N 

Training in hypoxia (FiO2 

15.2%; n=10): H

90min HR=60% VO2max 

on stepper, treadmill and 

cycloergometer

3x/week, 8 

weeks

● weight H > N 

training workload in H < N

Even moderate H, if 

combined with ex, 

leads to weight loss

Camacho- 

Cardenosa 

et al74

Overweight/ 

obese 

woman 

(n=59)

(1) aerobic interval 

training in hypoxia (FiO2 

17.2%; n=13): AitH 

(2) aerobic interval 

training in normoxia  

(FiO2 21%; n=15): AitN 

(3) sprint interval training 

in hypoxia (FiO2 17.2%; 

n=15): SitH 

(4) sprint interval training 

in normoxia (FiO2 21%; 

n=18): SitN

(1)-(2): 3min 90% Wmax 

+ 3min 55–65% Wmax 

(3)-(4) 30s 130% Wmax + 

3min 55–65% Wmax 

Session duration: 

Ait = 41.5 min 

Sit = 29.6 min

3x/week, 12 

weeks

● waist circumference in hypoxic 

conditions 

● waist:hip ratio in hypoxic 

conditions 

● % trunk fat mass in hypoxic 

conditions

H, not N, training 

improves the % of 

fat mass located in 

the trunk.

Klug et al43 Men with 

metabolic- 

syndrome 

(n=23)

Training in normoxia  

(FiO2 21%; n=11): N 

Training in hypoxia (FiO2 

15%; n=12): H

60min 60% VO2max: 

3x15min intervals walking 

+ 5min rest

3x/week, 6 

weeks

● waist circumference in N and H 

shifting to a more lipolytic state 

for adipose tissue metabolism in H 

● postprandial energy expenditure 

in H 

● activity energy expenditure in N 

● adipose tissue triglyceride 

lipase, leptin, and HIF1α 
expression in N

H added little to 

N. Training counts, 

far less the FiO2

Camacho- 

Cardenosa 

et al45

Overweight/ 

obese 

woman 

(n=60)

(1) interval training in 

hypoxia (FiO2 17.2%; 

n=13): IHT 

(2) interval training in 

normoxia (FiO2 21%; 

n=15): INT 

(3) repeated-sprint 

training in hypoxia (FiO2 

17.2%; n=15): RSH 

(4) repeated-sprint 

training in normoxia  

(FiO2 21%; n=17): RSN

(1)-(2): 3min 90% Wmax 

+ 3min 55–65% Wmax 

Session duration: from 

24min 1st week to 42min 

last week 

(3)-(4): 30s 130% Wmax 

+ 3min 55–65% Wmax 

Session duration: from 

6min30s 1st week to 

27min last week

3x/week, 

12weeks 

A: baseline 

B: after 36 

training 

sessions 

C: after 4 

weeks of 

detraining

● waist circumference at both 

B and C in IHT and RSH 

● % trunk fat in IHT and RSH 

● cholesterol at B and C in RSN 

● triglycerides at B in all groups 

tendency ● glucose at B in all 

groups

RSH could be 

a time-metabolic 

alternative for those 

subjects with less 

time available, by 

causing beneficial 

effects on 

metabolism with 

time sparing 

intervention

Chobanyan- 

Jürgens 

et al40

Older 

sedentary 

subjects 

(n=25) 

age: 62y 

BMI: 

28.4kg·m−2

Training in normoxia 

(n=15; FiO2 21%): N 

Training in hypoxia (n=14;  

FiO2 15%): H

30–40 min HR=60–70%  

VO2max

3x/week, 8 

weeks

● glucose infusion rate in both 

group 

● carbohydrate oxidation in both 

group 

● Glut4 in fasting condition in 

both group

H training did not 

enhance metabolic 

effects in older 

people beyond 

N training

Morishima 

et al34

Sedentary 

men (n=21) 

BMI: 

25.5kg·m−2

Training in hypoxia: FiO2 

15% 

2-week group (n=11) 

4-week group (n = 10)

60min cycling 65%  

VO2max (evaluated in H)

6x/week, 2 

weeks 

3x/week, 4 

weeks

● VO2max in both groups 

● mean blood pressure in both 

groups 

● AUC insulin after glucose 

ingestion in 4-week group

H training for 4 vs 2 

weeks might be 

better for improving 

insulin sensitivity

(Continued)

https://doi.org/10.2147/DMSO.S322249                                                                                                                                                                                                                               

DovePress                                                                                             

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14 3608

De Groote and Deldicque                                                                                                                                         Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


confirmed when training was performed in hypoxia in 
obese individuals.36,37,45 Further research is warranted to 
determine the optimal exercise frequency, duration and 
intensity to be used in hypoxia.

Underlying Mechanisms
Acute exercise and insulin are known to stimulate glucose 
uptake via two separate signaling pathways (Figure 1). 
Glucose uptake in skeletal muscle is mainly possible 
through facilitative GLUT4, which is the predominant 
GLUT isoform in skeletal muscle.46 GLUT4, located into 
intracellular vesicles in the basal state, needs to translocate 
to the membrane to allow glucose uptake. A single exercise, 
whether of very high intensity or very long duration, acti-
vates AMP-activated protein kinase (AMPK) resulting in 
the stimulation of glucose transport via the Tre-2/BUB2/cdc 
1 domain family 1 (TBC1D1-4)/GLUT4 pathway.47 

TBC1D1 and TBC1D4 are two GTPase-activating protein 
(GAP) of the G protein Rab, located on GLUT4 vesicles 
and promoting the conversion of Rab-GTP to Rab-GDP are 
phosphorylated by AMPK.46 This phosphorylation results 
in an inhibition of their activity by favoring their binding to 
14-3-3 protein. This way, TBC1D1-4 are sequestered away 
from their target removing their inhibition on Rabs and 
allowing GLUT4 translocation.48

Although additional mechanisms probably need to be 
elucidated, hypoxia appears to stimulate glucose uptake par-
tially via the same signaling pathways as exercise.49,50 

Glucose uptake was shown to be completely blocked in 
AMPKα2 deficient rodents compared to wild-type under 
hypoxia and partially blocked under exercise.47 Similar find-
ings were observed in human as a higher phosphorylation of 
AMPK Thr172 and glucose disappearance rate were observed 
in a group exercised in hypoxia compared to a group exer-
cised in normoxia.33 In addition to AMPK, exercise and 
hypoxia were seen to increase intracellular-free calcium,50 

which is also involved in the regulation of GLUT4 transloca-
tion. Ca2+/calmodulin-dependent protein kinase II 
(CaMKII), the major multifunctional CaMK in skeletal 
muscle,51 was suggested to be implicated in contraction and 
hypoxia-stimulated glucose uptake as the latter was inhibited 
by the CaMKII blocker KN-93 in rat skeletal muscle.52 

KN93 did not prevent the increase in AMPK phosphoryla-
tion, which suggested that CaMKII activation by contraction 
and hypoxia regulated glucose uptake through AMPK- 
independent mechanisms. A third, although less studied, 
potential candidate for exercise- and hypoxia-induced glu-
cose uptake is p38 mitogen-activated protein kinase (p38 
MAPK),53,54 as the latter has been found to be involved in 
the regulation of glucose transport as well.55 Although the 

Table 1 (Continued). 

Study Subjects Type of Exercise Intensity Frequency / 
Duration

Main Results Conclusions

Chacaroun 

et al42

Overweight/ 

obese 

subjects 

(n=23)

Training in normoxia  

(FiO2 21%; n=7): N 

Training in hypoxia (FiO2 

13%; n=7): H

45min cycling 75% HRmax 3x/week, 8 

weeks

● diastolic blood pressure in 

N and H 

● VO2max, ● MAP in H 

● HRmax in N and H 

● VE in H 

● SOD activity in H

H training may 

provide some 

additional benefits 

to standard 

N training for obese 

individual health 

status

Morishima 

et al35

Sedentary 

men (n=20) 

BMI: 

25.6kg·m−2

Training in normoxia  

(FiO2 21%; n=11): N 

Training in hypoxia (FiO2 

15%; n=9): H

60min cycling at 55%  

VO2max (measured in 

each condition)

3x/week, 4 

weeks

● blood glucose in N and H 

● AUC blood glucose in H > N 

● insulin after a meal: Pre > Post 

● VO2max in N and H 

● AUC leptin in N and H

Greater 

improvement in 

postprandial glucose 

tolerance in H vs 

N training

Gatterer 

et al72

Obese men 

(n=32)

Training in normoxia  

(FiO2 21%; n=16): N 

Training in hypoxia (FiO2 

14%; n=16): H

90min cycling, running or 

cross training at 65–70%  

VO2max

2x/weeks, 8 

months

improvements in body weight, 

BMI, waist and hip circumference 

and VO2max in N and H 

● systolic blood pressure in N and 

H

Beneficial effects of 

training but no 

difference between 

N and H

Abbreviations: Ex, exercise; FiO2, fraction of inspired oxygen; MAP, maximal aerobic power; 1RM, 1-repetition maximum; reps, repetitions; r, rest; BM, body mass; BMI, 
body mass index; VO2max, maximal oxygen uptake, HR, heart rate; ISI, insulin sensitivity index; VEGF, vascular endothelial growth factor; Wmax, maximal workload; RER, 
respiratory exchange ratio; HOMA, homeostatic model assessment; HIF1α, hypoxia-inducible factor 1 alpha; AUC, area under the curve.
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phosphorylation of p38 MAPK was increased by hypoxia in 
rat cardiac myocytes,53 hypoxia did not further enhance 
phospho-p38 MAPK after exercise compared to normoxia 
in human skeletal muscle.27 Compared to AMPK and 
CAMKII, the available data do not indicate that p38 
MAPK is an important regulator of hypoxia or exercise- 
induced glucose uptake in skeletal muscle. This does not 
seem to be the case for the expression of GLUT4 either. 
Exercise training is known to increase the expression of 
GLUT4 in human skeletal muscle56 but hypoxia did not 
appear to induce any further effect in sedentary older men.40

Last but not least, hypoxia induces the stabilization of 
hypoxia-inducible factor 1 alpha (HIF1α) and the expres-
sion of its target genes involved, amongst others, in gly-
colysis and glucose transport57 such as GLUT1 and 
phosphofructokinase (PFK). The stimulation of glucose 
uptake by hypoxia was found to be facilitated by an 
activation of GLUT1 present at the cell membrane in 

skeletal muscle myotubes.58 HIF1α is not only stabilized 
by hypoxia but by exercise as well.59 Logically, it could be 
assumed that exercise in hypoxia would further stabilize 
and activate HIF1α compared to exercise in normoxia. 
However, hypoxia does not necessarily modify exercise- 
induced stabilization of HIF1α in human skeletal muscle, 
neither after acute endurance27,60 or resistance61 exercise 
nor after exercise training.62 Skeletal muscle is a potent 
tissue to face a lack of oxygen. Probably the inspired 
fraction of oxygen (FiO2) and/or duration of exposure, i.e 
the hypoxic dose, used in the different studies was not 
severe enough to further decrease skeletal muscle oxyge-
nation when combining exercise and hypoxia compared to 
exercise alone as measured previously.61 Whole-body 
hypoxia experiment can affect a variety of tissue types, 
not just skeletal muscle. Therefore, the regulation of glu-
cose homeostasis-related molecular mechanisms in skele-
tal muscle following exercise in hypoxia is probably 

Figure 1 Regulation of glucose transport by exercise and hypoxia in human skeletal muscle. Proposed model for the underlying mechanisms mediating exercise- and 
hypoxia-induced skeletal muscle GLUT4 translocation. FiO2, inspired oxygen fraction; AMP/ATP, adenosine monophosphate/adenosine triphosphate; AMPK, AMP-activated 
protein kinase; TBC1D1, Tre-2/BUB2/cdc 1 domain family 1; TBC1D4, Tre-2/BUB2/cdc 1 domain family 4; CaMKII, Ca2+/calmodulin-dependent protein kinase II; p38MAPK, 
p38 mitogen-activated protein kinase; GLUT4, glucose transporter 4; HIF1α, hypoxia-inducible factor 1 alpha; PFK, phosphofructokinase; GLUT1, glucose transporter 1; 
Rab-GDP, guanosine-diphosphate Rab; Rab-GTP, guanosine-triphosphate Rab. Filled arrows represent exercise signaling and dotted arrows represent hypoxia signaling; ? 

Indicate probable but not proven pathways.
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independent of the HIF1α pathway.27 Other mechanisms 
might be responsible for the observed effect of a single 
exercise or exercise training in hypoxia on glucose toler-
ance and insulin sensitivity.

Shift in Energy Sources During Exercise
It is known that endurance training promotes lipid 
oxidation,63,64 whereas hypoxic conditions tend to promote 
glucose utilization at the expense of lipids.65 The higher glu-
cose oxidation during exercise in hypoxia may explain, in part, 
the improvement in glucose tolerance observed in some stu-
dies. Respiratory exchange ratio (RER) is often used as 
a satisfactory non-invasive measurement of substrate 
utilization.66 In obese adolescents, normoxic, but not hypoxic, 
training decreased the RER during cycling at 150W36 or 75% 
of maximal power output,39 indicating a proportionally higher 
use of glucose during exercise after hypoxic vs normoxic 
training. Similarly, a higher RER was found during each of 
the three 30-min trials within a 7.5-h period in hypoxia com-
pared to normoxia.26 Contrary to the previous studies, 4 weeks 
endurance training (60% VO2max, 3x/week) in overweight to 
obese adults decreased RER during exercise only in the 
hypoxic group.38 A longer endurance training period (8 
weeks; 3x/week) induced a lower RER during exercise, with 
no difference between normoxic and hypoxic conditions, in 
obese men,42 obese men with sleep apnea41 and in older 
sedentary subjects.40 In the same line, in resting conditions, 
fat oxidation tended to increase while carbohydrate oxidation 
tended to decrease after high-intensity interval training in 
hypoxia in obese women.67 Counterintuitively, after 6 weeks 
of endurance training in men with the metabolic syndrome, 
RER values during exercise were higher, indicating a greater 
fuel provision by carbohydrate oxidation, in the normoxic vs 
the hypoxic group.43 Altogether, no clear conclusion can be 
drawn about a possible shift in substrate utilization during 
exercise after hypoxic vs normoxic training due to the high 
heterogeneity in the data reported.

Effects of Exercise in Hypoxia on the 
Health Status
Weight Loss
Weight loss is essential to fight the development of T2DM 
since obesity is the main factor responsible for this disease.4 

Hypoxic training might be more effective at reducing weight 
than normoxic training in obese individuals due to the potential 
effect of hypoxic exposure on energy balance.68 Several stu-
dies carried out in male and female obese subjects of various 

ages have shown that exercise training reduced body weight 
and that the amplitude of this reduction was larger after 
hypoxic than normoxic training.67,69–71 The benefits of 
hypoxic training seem to depend on the type of exercise since 
aerobic interval training led to an increase while sprint interval 
training led to a decrease in body weight and body mass index 
(BMI) in obese women.67 However, several studies found no 
additional effect of hypoxia on exercise training-induced 
weight loss in obese adolescents,36,39 in obese adults,38,72 in 
obese men with sleep apnea41 and in men with the metabolic 
syndrome.43 It should be noted that some studies in individuals 
at risk of developing T2DM did not observe a decrease in body 
weight neither after hypoxic nor normoxic training.34,40,42 The 
lack of weight loss in those studies is probably due to the low 
exercise intensity used while a higher intensity is known to be 
more beneficial for weight loss73 and probably as well due to 
the lack of strict dietary control.

In addition, an increase in energy expenditure, a reduction 
in appetite with an association of a reduction in food intake as 
well as an increase in the activity of various endocrine factors 
relevant to energy balance, namely ghrelin and leptin,69,70 are 
different factors that may contribute to the possible reduction 
in body weight observed after hypoxic training. In obese 
women, an increase in the basal metabolic rate was found 
after 12 weeks interval training but only in the group trained 
in hypoxia.74 Similarly, in men with the metabolic syndrome, 
the energy expenditure after an OGTT increased after 6 weeks 
endurance training in hypoxia but not in normoxia.43 In addi-
tion, while the normoxic group reduced its energy expenditure 
during a 60-min exercise test after vs before the training 
period, the hypoxic group kept its energy expenditure during 
this test constant. Those results indicate that hypoxic training 
regulates energy expenditure postprandially and during exer-
cise in a favorable way to lose body weight. Based on the fact 
that hypoxic exposure75 and exercise76 separately control 
appetite-regulating hormones such as ghrelin and leptin, it 
has been proposed that hypoxic training could regulate the 
levels of those hormones to a further extent than normoxic 
training. However, the number of studies having effectively 
measured their levels is rather low. In obese men with sleep 
apnea syndrome, a combined aerobic and strength training in 
hypoxia, but not in normoxia, induced a reduction in energy 
intake, independently of any change in leptin levels.41 In 
sedentary healthy men, energy intake remained unchanged 
after a 4-week cycling training compared to baseline in both 
normoxia and hypoxia, despite changes in leptin, ghrelin and 
glucagon-like peptide-1 levels.35 Fasting serum leptin levels 
decreased only after normoxic training while a reduction in 
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postprandial leptin levels was measured in both groups. 
Fasting and postprandial glucagon-like peptide-1 levels 
increased after training in the normoxic group only. No change 
in ghrelin levels was measured in any conditions. In summary, 
contrarily to the aforementioned hypothesis, hypoxic training 
does not seem to induce any additional effect on hormonal 
appetite markers compared to normoxic training.35,41 Further 
studies are necessary to better understand the metabolic 
changes induced by hypoxic exercise that could influence 
weight loss, certainly in obese individuals.

Body Composition
Despite no weight loss was observed in some cases, it is 
still possible that body composition changed in a positive 
way after hypoxic training. Improving body composition 
by decreasing body fat and increasing lean body mass is at 
least as important as losing weight, if not more, and could 
help to prevent the development of T2DM.77 In obese 
older men, combined aerobic and strength training in 
hypoxia decreased whole body fat to a larger extent com-
pared to normoxia.70 Similar observations were also found 
in obese women after high-intensity interval training67 and 
obese young adults and adults after endurance 
training.38,69 Excessive fat mass, especially at the abdom-
inal level, known as visceral fat, is associated with an 
increased risk of developing T2DM.78,79 In obese 
women, the decrease in trunk fat mass was larger after 
aerobic interval training or sprint interval training in 
hypoxia compared to normoxia.45 This decrease in trunk 
fat mass was quite persistent as it continued 4 weeks after 
cessation of training but only in the group trained in 
hypoxia.74 Of note, other studies found no difference in 
fat loss between hypoxic and normoxic training conditions 
either after aerobic training in obese adults72 or after 
combined aerobic and strength training in obese 
adolescents36,39 and obese men with sleep apnea 
syndrome.41 Several studies even did not observe fat loss 
at all under either condition.35,37,40,42,43 In the latter stu-
dies, the lack of effects can be explained by the lack of 
dietary control and/or by the type of exercise chosen, ie, 
aerobic training in all studies.

Most of the studies having looked at body composition 
only focused on fat mass despite a major role of skeletal 
muscle mass in glucose homeostasis postprandially, 
which is particularly important in the prevention of 
T2DM. Although chronic exposure to hypoxia for several 
weeks or months generally results in a loss of muscle 
mass in healthy people,80 anabolic effects have been 

reported after repeated acute exposures coupled to resis-
tance exercise, which can potentially lead to muscle 
hypertrophy.81 A greater increase in muscle mass after 
endurance38 or combined aerobic and strength70 hypoxic 
than normoxic training has been observed in obese older 
men and women. Even 4 weeks after the last interval 
session, the increase in muscle mass was maintained in 
obese women trained in hypoxia while no change was 
observed in the normoxic group.67 It should be reported 
as well that other studies found no difference in muscle 
mass between hypoxic and normoxic training conditions 
after aerobic training in obese adults72 or after combined 
aerobic and strength training in obese adolescents.36,39 

Several studies found no gain at all42,43,69 or even 
a decrease in muscle mass after a whole training 
period41 under either condition. In summary, to be really 
conclusive on the effects of hypoxic training on body 
composition, additional studies with a stricter control of 
dietary intake are needed.

Physical Performance
Obesity frequently leads to decreased autonomy due to 
reduced mobility.7 A reduction in maximal exercise capa-
city is associated with increased mortality.82 It has been 
pointed out that each increase of one metabolic equivalent 
of task (MET) in maximal exercise capacity is associated 
with improved survival.82 Therefore, increasing the max-
imal exercise capacity of individuals at risk of developing 
cardiometabolic disease appears to be an attractive strat-
egy for improving their quality of life. In obese indivi-
duals, an increase in maximal oxygen uptake (VO2max) 
and maximal aerobic output was measured after 8 weeks 
hypoxic but not normoxic training.42 Despite a similar 
increase in VO2max after 6 weeks hypoxic training in 
obese adolescents, maximal aerobic output only increased 
in the hypoxic, not in the normoxic group.36 In the same 
line, global physical fitness was improved further after 12 
weeks hypoxic compared to normoxic training in obese 
Korean men.70 The benefits of hypoxic training on physi-
cal performance were less straightforward or even absent 
in some other studies in the elderly and patients suffering 
from chronic diseases.35,38,39,72 The divergent results may 
be explained by the variations between the hypoxic train-
ing programs implemented in the different studies, and 
more specifically to the number of sessions per week. 
Exercising once or twice a week might be insufficient for 
hypoxic training to induce an additional benefit over nor-
moxic training on exercise capacity at moderate intensity 
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(65–70% HRmax).39,41,72 Exercising three times a week, 
whether for 438 or 12 weeks,70 seems more efficient to 
detect differences between hypoxic and normoxic training 
in performance-related parameters.

Lipid Profile
High total cholesterol, triglycerides, LDL and low HDL 
plasma levels are recognized as important cardiovascular 
risk factors.83 Diet or exercise training alone are efficient 
at reducing LDL and cholesterol levels in obese men41 or 
men with metabolic syndrome.43 In the context of the 
present review, hypoxic training has been found to 
decrease triglycerides levels more than normoxic train-
ing in obese subjects of all ages,36,71 though this is not 
a general observation.35,39 The HDL levels do not seem 
to vary much following exercise training, whether 
hypoxic or normoxic, in populations at risk of develop-
ing T2DM.34,39,43 In summary, in the latter populations, 
the lipid profile is only barely regulated by exercise 
training with no distinction between normoxic and 
hypoxic training. Here as well, no strict dietary control 
was implemented in the previous studies dealing with 
exercise training, preventing definitive conclusions to be 
drawn.

Blood Pressure
Looking at the effect of hypoxic training on blood pressure 
provides controversial results. Hypoxic, but not normoxic, 
training reduced systolic and diastolic blood pressure in 
obese adults after 4 and 8 weeks38,41,69 whereas, conver-
sely, systolic blood pressure was decreased only after 
normoxic, not hypoxic, training in obese adolescents 
after 636 and 30 weeks.39 Two other studies have observed 
a reduction in diastolic blood pressure after exercise train-
ing, with no difference between normoxic and hypoxic 
training.42,43 Although controversial, those results show 
at least that hypoxia had no negative effect on blood 
pressure.

Limits and Perspective
Together, the heterogeneity of the subjects and variables 
investigated makes it difficult to compare the different 
studies and may help to explain the divergent results 
reported. Among others, the type, frequency, duration, 
and intensity of exercise as well as the timing of blood 
sampling differed between studies. Variables such as 
inflammation or appetite hormones are often overlooked 
in the various studies even though they are important 

markers of obesity and T2DM. In the end, few of the 
studies listed in Table 1 have examined energy expenditure 
and energy intake levels. While focusing on a specific diet 
requires continuous monitoring and is thus rather con-
straining, it is a crucial parameter to control when dealing 
with obesity.

Another important parameter to be further analyzed is 
the impact of keeping the relative vs the absolute exercise 
intensity constant between hypoxic and normoxic condi-
tions. To date, no study has properly tested this question, 
certainly not on health-related parameters. This is of the 
utmost importance when prescribing exercise as 
a therapeutic strategy. Exercise duration, intensity and 
frequency need to be accurately defined based on the 
objective of the training period but how those parameters 
should be combined remains insufficiently documented up 
to now. A good periodization and individualization of the 
training is key not to induce injury and not to give up.

Finally, beyond the health-related effects it might 
induce, it is of note that hypoxic training does not appear 
to provoke adverse events. Knowing that a lack of motiva-
tion is an important cause of non-adherence to an exercise 
program in patients, varying the environmental conditions 
could contribute to increase the adherence. However, 
hypoxic training implies the use of a quite expensive and 
technical equipment. If hypoxic exercise is not feasible, 
exercise in normoxia should be encouraged as it induces 
an improvement of health parameters as well and is more 
accessible to the general public.

Conclusion
Taken together, the data on the effects of hypoxic training 
on glucose metabolism, insulin sensitivity and the health 
status of people at risk of T2DM are inconclusive. Some 
studies show that hypoxic training can improve glucose 
metabolism and the health status to a greater extent than 
normoxic training while others do not corroborate the 
latter. When an additional benefit of hypoxic vs normoxic 
training is found, it still remains to determine which sig-
naling pathways and molecular mechanisms are involved 
and how it can concretely be implemented in the exercise 
routine of people at risk of developing T2DM.
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