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Abstract
Humans living at a higher altitude are less prone to suffer from impaired glucose homeostasis and type 2 diabetes mellitus 
(T2DM), which might at least partly be explained by lower oxygen availability at higher altitudes. The present systematic 
review aimed to provide an overview of the current literature on the effects of hypoxia exposure on glucose homeostasis in 
metabolically compromised humans. Several databases were searched up to August  10th, 2020. The search strategy identi-
fied 368 unique records. Following assessment for eligibility based on the selection criteria, 16 studies were included in 
this review. Six studies (2 controlled studies; 4 uncontrolled studies) demonstrated beneficial effects of hypoxia exposure 
on glucose homeostasis, while 10 studies (8 controlled studies; 2 uncontrolled studies) reported no improvement in glu-
cose homeostasis following hypoxia exposure. Notably, passive hypoxia exposure seemed to improve glucose homeostasis, 
whereas hypoxic exercise training (2–8 weeks) appeared to have no additional/synergistic effects on glucose homeostasis 
compared to normoxia exposure. Due to the heterogeneity in study populations and intervention duration (acute studies / 2–8 
wks training), it is difficult to indicate which factors may explain conflicting study outcomes. Moreover, these results should 
be interpreted with some caution, as several studies did not include a control group. Taken together, hypoxia exposure under 
resting and exercise conditions might provide a novel therapeutic strategy to improve glucose homeostasis in metabolically 
compromised individuals, but more randomized controlled trials are warranted before strong conclusions on the effects of 
hypoxia exposure on glucose homeostasis can be drawn.
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Abbreviations
AT  Adipose tissue
BMI  Body mass index
HOMA-IR  Homeostatic model assessment for insulin 

resistance
RCT   Randomized controlled trial
SM  Skeletal muscle
T2DM  Type 2 diabetes
pO2  Oxygen partial pressure

1 Introduction

The current obesity epidemic is accompanied by a propor-
tionate increase in the prevalence of several chronic diseases 
such as cardiovascular diseases and type 2 diabetes mellitus 
(T2DM) [1]. With the increasing worldwide prevalence of 
obesity, interventions targeting obesity and its cardiometa-
bolic complications are increasingly warranted. Many of the 
current interventions rely on lifestyle modifications or phar-
macological treatment. Indeed, the majority of studies have 
demonstrated that adopting a healthy lifestyle can prevent or 
delay obesity-related complications, including impaired glu-
cose homeostasis as present in patients with T2DM [2–4]. 
Importantly, however, dietary changes and regular exer-
cise have often proven hard to maintain for individuals [5]. 
Additionally, pharmacological therapies often come with 
side effects [6], and large inter-individual differences in the 
response to these interventions are often apparent [7]. There-
fore, alternative or complementary strategies are needed to 
mitigate the development of metabolic impairments and 
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related chronic diseases, especially in people at high risk of 
developing metabolic complications.

The Nobel Prize in Physiology or Medicine was awarded 
to William Kaelin, Jr., Sir Peter Ratcliffe, and Gregg 
Semenza in 2019 for their discoveries of how cells sense 
and adapt to oxygen availability. Intriguingly, humans living 
at a higher altitude are less prone to suffer from metabolic 
impairments, independent of body mass index (BMI) [8]. It 
is tempting to postulate that the lower oxygen availability at 
higher altitudes may at least partly contribute to the lower 
prevalence of impaired glucose homeostasis (i.e. T2DM) in 
highlanders compared to sea level residents. Notably, many 
confounding factors such as dietary habits and the level of 
physical activity may also play a role in the beneficial effects 
of residing at high altitude on glucose homeostasis.

It is well established that adipose tissue (AT) dysfunction 
and impairments in skeletal muscle (SM) metabolism are 
major contributors to the development of impaired glucose 
homeostasis and cardiometabolic complications in humans, 
as extensively reviewed elsewhere [9]. Interestingly, accumu-
lating evidence indicates that oxygen partial pressure  (pO2) 
in AT and SM may affect cellular and organ functioning. 
Indeed, several in vitro experiments using adipocytes and 
myotubes have demonstrated that  pO2 is causally related 
to alterations in glucose and lipid metabolism, as recently 
reviewed [10]. Under hypoxic circumstances, the body is 
inclined to switch from fat oxidation towards glucose uti-
lization [10]. In line, acute hypoxia exposure (1% versus 
21%  O2) has been found to increase basal glucose uptake in 
both human and rodent adipocytes [11–13]. Additionally, we 
have previously demonstrated that prolonged hypoxia expo-
sure (14 days) to physiological hypoxia (5%  O2) increased 
basal glucose uptake in differentiated human multipotent 
adipose-derived stem cells [14]. Moreover, many studies 
have shown that  pO2 alters the expression and secretion of 
pro-inflammatory cytokines in rodents and human adipocytes 
[10]. Interestingly, we have previously reported that AT  pO2 
was higher in obese compared to lean individuals [15], and 
was inversely associated with whole-body insulin sensitiv-
ity, independently of adiposity, in men and women [16]. In 
accordance with these findings, diet-induced weight loss in 
overweight/obese humans decreased in situ AT  pO2, with 
parallel improvements in insulin sensitivity [17]. Finally, 
several studies have shown that hypoxia exposure increases 
glucose uptake in rodent and human myocytes, as reviewed 
[10]. Taken together, previous results from both in vitro and 
in vivo studies in rodents and humans indicate that tissue  pO2 
is related to glucose homeostasis and/or insulin sensitivity. 
Therefore, interventions targeting tissue  pO2 may provide a 
promising therapeutic avenue to improve glucose homeosta-
sis in humans.

The aim of the present systematic review was to pro-
vide an overview of the current literature on the effects of 

hypoxia exposure on glucose homeostasis in metabolically 
compromised humans.

2  Methods

2.1  Search strategy

Studies that investigated the effects of hypoxia exposure on 
glycemic control and/or insulin sensitivity were retrieved 
from the PubMed database and Web of Science.

The following keyword combinations were used in the 
PubMed database, sorted by ‘Most recent’: (“hypox*”[tiab] 
OR “hyperox*”[tiab] OR “low oxygen”[tiab] OR “oxy-
gen deficiency”[tiab] OR “decreased oxygen”[tiab]) AND 
(“glyc* control” OR “insulin sensitivity” OR "Blood 
Glucose"[Mesh] OR "Glycemic Index"[Mesh] OR “glu-
cose levels” OR “glycated hemoglobin” OR “glyc* vari-
ability” OR “hypoglyc*” OR “hyperglyc*” OR “HOMA 
index”) AND ("Metabolic Syndrome"[Mesh] OR "Insulin 
Resistance"[Mesh] OR “prediabetes” OR “impaired glucose 
tolerance” OR “impaired fasting glucose” OR “prediabetic” 
OR “obese” OR “obesity” OR “overweight”) NOT (“cancer” 
AND “apnea” AND “osas”). The results were filtered to only 
include full text original articles about human studies.

Additionally, the following search string was entered 
into the Web of Science database: TITLE: ((“hypox*” OR 
“hyperox*” OR “low oxygen” OR “oxygen deficiency” OR 
“decreased oxygen”)) AND ALL FIELDS: ((“glyc* con-
trol” OR “insulin sensitivity” OR "Blood Glucose"[Mesh] 
OR "Glycemic Index"[Mesh] OR “glucose levels” OR “gly-
cated hemoglobin” OR “glyc* variability” OR “hypoglyc*” 
OR “hyperglyc*” OR “HOMA index”) AND ("Metabolic 
Syndrome"[Mesh] OR "Insulin Resistance"[Mesh] OR “pre-
diabetes” OR “impaired glucose tolerance” OR “impaired 
fasting glucose” OR “prediabetic” OR “obese” OR “obe-
sity” OR “overweight”)) NOT ALL FIELDS: ((“cancer 
AND apnea AND osas)). A filter was activated so that only 
original articles were included.

Searches were not limited by article publication date. The 
literature search was performed on the  10th of August 2020. 
From the identified articles, the titles and abstracts were 
assessed and, if considered relevant for the present system-
atic review, the full text of the article was examined in detail.

2.2  Selection criteria

Eligible studies included humans with impaired glucose 
homeostasis. Thus, patients with overweight/obesity, the 
metabolic syndrome and/or patients with T2DM were 
included. Only studies with a clear description of the inter-
vention (and control condition, if applicable), as well as 
parameters related to glucose metabolism as study outcomes 
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were included. Only original articles written in English were 
included.

3  Results

3.1  Literature search

A flowchart to illustrate the inclusion process is shown in 
Fig. 1. The literature search identified 368 unique records. 
Titles and/or abstracts were screened, which resulted in the 
exclusion of 315 studies. 6 additional records were identified 
through searching reference lists. The remaining 53 full-text 
articles were retrieved and assessed for eligibility based on 
the selection criteria. From these full-text articles, a total 
of 37 articles were excluded. Reasons for exclusion were 

related to the study population, study design and outcome 
parameters. Thus, a total of 16 studies were included in the 
present systematic review. From these studies, 10 studies 
were randomized controlled trials (RCTs), whereas the other 
6 studies did not include a control group.

3.2  The effects of hypoxia exposure on glucose 
homeostasis

As mentioned earlier, previous in vitro and in vivo stud-
ies in rodents have indicated that hypoxia exposure impacts 
glucose homeostasis, as reviewed recently [10]. Based on 
these studies, it could be argued that hypoxia exposure may 
provide a potential therapeutic strategy to combat distur-
bances in glucose metabolism. However, only a limited 
number of in vivo studies have investigated the effects of 
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Fig. 1  Flow-chart illustrating the results of the database search
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hypoxia exposure on glucose homeostasis in metabolically 
compromised humans. Here, we systematically reviewed the 
literature to provide an overview of the effects of hypoxia 
exposure under resting conditions as well as hypoxia expo-
sure during exercise on glucose homeostasis in metaboli-
cally compromised individuals.

3.2.1  The effects of hypoxia exposure on circulating 
glucose and insulin concentrations

Several but not all studies have shown beneficial effects of 
hypoxia exposure on glucose homeostasis (Table 1). Duennwald 
et al. [18] have found that merely one hour of passive inter-
mittent hypoxia  (FiO2 13%) exposure significantly decreased 
fasting plasma glucose levels in individuals with overweight, 
while normoxia exposure did not significantly change glucose 
concentrations. Notably, the difference between the effects of 
hypoxia compared with normoxia exposure was statistically 
significant [18]. Additionally, Serebrovska et al. [19] found that 
three weeks of moderate passive intermittent hypoxia exposure 
 (FiO2 12%, 40 min/day, 3x/week) improved fasting and post-
prandial glucose concentrations in healthy individuals as well in 
as people with impaired glucose homeostasis. In line, Lecoultre 
et al. [20] reported significantly lower fasting glucose levels in 
obese individuals after ten consecutive nights of passive mod-
erate hypoxia exposure (~ 10 h/night at  FiO2 ~ 15%  O2). Impor-
tantly, however, the latter two studies did not include a control 
group [19, 20]. Furthermore, Mackenzie et al. [21] have shown 
that plasma insulin levels during a 4-h intravenous glucose toler-
ance test were significantly decreased after one 60-min bout of 
hypoxic exercise  (FiO2 14.6%) at 90% of the lactate threshold 
compared to normoxic exercise at the same relative intensity in 
T2DM patients. In a follow-up study, Mackenzie et al. [22] dem-
onstrated that exercise for 60 min at 90% of the lactate threshold 
in hypoxic conditions  (FiO2 ~ 15%  O2) decreased fasting glucose 
and insulin levels in T2DM patients, while these effects were not 
present following only 20 min of hypoxic exercise. Notably, it 
is not clear whether these beneficial effects were due to hypoxia 
exposure or stem purely from the exercise bout, as a control 
group was not included in this study [22]. In addition, Marlatt 
et al. [23] found a significant reduction in 2-h glucose levels 
during an OGTT in metabolically compromised individuals fol-
lowing 14 nights of exposure to moderate hypoxia (sleeping at 
home in a hypoxic tent maintained at 15%  O2), although fasting 
glucose levels remained unchanged. Also in the latter study, no 
control group was included [23]. Finally, De Groote et al. [24] 
demonstrated that six weeks of hypoxic training  (FiO2 15%, 
3 × 1 h/wk) but not normoxic training significantly decreased 
plasma insulin levels during an oral glucose tolerance test and 
improved glucose tolerance in obese adolescents. Yet, the dif-
ferences between the effects of hypoxic and normoxic training 
on postprandial glucose and insulin concentrations did not reach 
statistical significance in the latter study [24].

Taken together, these studies suggest that passive hypoxia 
exposure (i.e. hypoxia exposure under resting conditions) 
[18–20] as well as hypoxic exposure during an acute bout 
of exercise [18, 22] or exercise training program [24] may 
improve glucose homeostasis in metabolically compromised 
individuals.

In contrast, several other studies that investigated the 
effects of hypoxic exercise on glucose homeostasis did not 
find significant changes in parameters related to glucose 
homeostasis (Table 1). Wiesner et al. [25] have shown that a 
four-week hypoxic training program  (FiO2 ~ 13%  O2, 60 min/
day, 3 days/week) at a heart rate corresponding to 65% of 
maximum oxygen consumption significantly decreased 
fasting insulin levels compared to baseline in metabolically 
compromised individuals. Importantly, however, an identi-
cal training program under normoxic circumstances yielded 
similar effects, suggesting that these improvements are likely 
due to exercise per se rather than hypoxia exposure. Lippl 
et al. [26] found that seven days of hypobaric hypoxia expo-
sure (altitude of 2,650 m) did not alter metabolic parameters, 
including fasting glucose and insulin levels, compared with 
normobaric normoxia exposure (altitude of 530 m) in meta-
bolically compromised individuals. Somewhat surprising, 
however, a significant decrease in HbA1c levels follow-
ing one week of hypoxic exposure was found in the latter 
study, which was not yet seen after seven days of normoxic 
exposure [26]. Similarly, Morishima et al. [27, 28] demon-
strated that hypoxia exposure did not significantly impact 
fasting and postprandial glucose concentrations in over-
weight men, despite a pronounced increase in postprandial 
carbohydrate oxidation under hypoxic resting and exercise 
conditions compared to normoxia exposure [28]. Neither 
hypoxia exposure  (FiO2 15%) under resting conditions [28], 
nor hypoxic exercise (12 × 1 h training sessions over 2–4 
wks) [27] altered fasting blood glucose and serum insulin 
concentrations. Furthermore, Gutwenger et al. [29] have 
shown that fasting plasma glucose and insulin levels were 
not significantly affected in response to a two-week hiking 
vacation (3 h/day, 4 days/week) at high (1,900 m) versus low 
(300 m) altitude in patients with the metabolic syndrome. 
Likewise, Chacaroun et al. [30] were not able to show any 
improvements in plasma insulin levels and HOMA2-IR 
after an eight-week hypoxic exercise intervention with tar-
get  SpO2 of 80% during the exercise sessions in overweight 
and obese individuals. Finally, Klug et al. [31] found that a 
six-week hypoxic  (FiO2 15%) exercise intervention in men 
with the metabolic syndrome did not significantly change 
blood glucose and insulin levels after an oral glucose load. 
In line, no differences were found in glucose tolerance and 
HbA1c between normobaric hypoxic and normobaric nor-
moxic training conditions [31].

Thus, several studies showed no additional benefits of an  
acute bout of exercise [28] or hypoxic exercise training for 

474 Reviews in Endocrine and Metabolic Disorders (2021) 22:471–483



1 3

Ta
bl

e 
1 

 S
tu

dy
 c

ha
ra

ct
er

ist
ic

s a
nd

 o
ut

co
m

es

A
ut

ho
rs

C
ha

ra
ct

er
ist

ic
s o

f s
tu

dy
 p

ar
tic

ip
an

ts
H

yp
ox

ia
 e

xp
os

ur
e 

pr
ot

oc
ol

 
M

ai
n 

ou
tc

om
e 

pa
ra

m
et

er
s

St
ud

y 
ou

tc
om

es
*

D
ue

nn
w

al
d 

et
 a

l. 
20

13
 [1

8]
T2

D
M

 p
at

ie
nt

s (
n 

=
 1

4;
 3

 fe
m

al
es

); 
ag

e 
59

.3
 ±

 1
.5

 y
rs

; B
M

I 2
9.

4 
±

 
1.

0 
kg

/m
2 . 

Si
ng

le
-b

lin
d,

 p
la

ce
bo

-c
on

tro
lle

d 
stu

dy
. 

1h
 in

te
rm

itt
en

t h
yp

ox
ia

 (5
 x

 6
 m

in
 a

t  F
iO

2 1
3%

, i
nt

er
sp

er
se

d 
w

ith
 5

 x
 6

 m
in

 a
t  F

iO
2 2

1%
) o

r n
or

m
ox

ia
 (c

on
tin

uo
us

  F
iO

2 
21

%
) e

xp
os

ur
e.

B
lo

od
 g

lu
co

se
 c

on
ce

nt
ra

tio
n 

w
as

 m
ea

su
re

d 
at

 t=
0,

 3
h 

an
d 

6h
 

fo
llo

w
in

g 
th

e 
1h

-e
xp

os
ur

e.
W

as
h-

ou
t p

er
io

d:
 3

–5
 d

ay
s. 

Pl
as

m
a 

gl
uc

os
e 

va
lu

es
 

(m
m

ol
/L

)
Δ

 fa
sti

ng
 p

la
sm

a 
gl

uc
os

e 
(m

m
ol

/L
) 

(p
os

t-b
as

el
in

e)
:

• 
H

yp
ox

ia
 g

ro
up

: -
2.

1
   

P 
<

 0
.0

1
• 

Pl
ac

eb
o 

gr
ou

p:
 -0

.8
   

P 
=

 N
.S

H
yp

ox
ia

 v
er

su
s n

or
m

ox
ia

: 
   

P 
=

 0
.0

37
Se

re
br

ov
sk

a 
et

 a
l. 

20
17

 [1
9]

In
di

vi
du

al
s w

ith
 IF

G
 (5

.6
-6

.9
 

m
m

ol
/L

) a
nd

/o
r I

G
T 

(2
h 

pl
as

m
a 

gl
uc

os
e 

7.
8-

11
.0

 m
m

ol
/L

) (
n 

=
 

11
; 6

 fe
m

al
es

); 
ag

e 
66

.4
 ±

 5
.2

 y
rs

; 
B

M
I 3

3.
2 

±
 5

.6
 k

g/
m

2 ). 

M
ea

su
re

m
en

ts
 w

er
e 

pe
rfo

rm
ed

 a
t b

as
el

in
e,

 o
ne

 d
ay

  (
ac

ut
e 

no
rm

ob
ar

ic
 h

yp
ox

ic
 te

st:
 1

2%
  O

2 f
or

 2
0 

m
in

) a
nd

 o
ne

 
m

on
th

 a
fte

r i
nt

er
m

itt
en

t h
yp

ox
ia

 e
xp

os
ur

e.
 P

ar
tic

ip
an

ts
 

w
or

e 
a 

m
as

k 
du

rin
g 

hy
po

xi
a 

ex
po

su
re

, 3
x/

w
k 

fo
r 3

 w
ee

ks
. 

Ea
ch

 se
ss

io
n 

co
ns

ist
ed

 o
f 4

 x
 5

-m
in

 n
or

m
ob

ar
ic

 h
yp

ox
ia

 
 (F

iO
2 1

2%
) f

ol
lo

w
ed

 b
y 

5-
m

in
 n

or
m

ox
ia

 (r
oo

m
 a

ir 
br

ea
th

-
in

g)
. 

Fa
sti

ng
 a

nd
 p

os
t-g

lu
co

se
 

in
ge

sti
on

 se
ru

m
 g

lu
co

se
 

(m
m

ol
/L

) c
on

ce
nt

ra
tio

n 
pr

e 
an

d 
on

e 
m

on
th

 p
os

t 
in

te
rm

itt
en

t h
yp

ox
ic

 
tra

in
in

g.
 

Δ
 fa

sti
ng

 se
ru

m
 g

lu
co

se
 (m

m
ol

/L
) 

(p
os

t-p
re

):
• 

-0
.4

   
P 

<
 0

.0
5

Δ
 2

h 
O

G
TT

 se
ru

m
 g

lu
co

se
  c

on
ce

n-
tra

tio
n 

(m
m

ol
/L

) (
po

st-
pr

e)
:

• 
-1

.5
 

   
P 

<
 0

.0
1

Le
C

ou
ltr

e 
et

 a
l. 

20
13

 
[2

0]
O

be
se

 m
en

 (n
 =

 8
; 4

 C
au

ca
si

an
s, 

3 
A

fr
ic

an
 A

m
er

ic
an

s, 
an

d 
1 

H
is

-
pa

ni
c)

; a
ge

 2
8 

±
 1

 y
rs

; B
M

I 3
2.

7 
±

 1
.3

 k
g/

m
2

H
yp

ox
ia

 e
xp

os
ur

e 
 (F

iO
2 1

5%
) f

or
 1

0 
co

ns
ec

ut
iv

e 
ni

gh
ts

 (±
10

 
ho

ur
s/

ni
gh

t i
n 

hy
po

xi
c 

te
nt

). 
In

su
lin

 se
ns

iti
vi

ty
 w

as
 m

ea
s-

ur
ed

 b
y 

a 
tw

o-
ste

p 
hy

pe
rin

su
lin

em
ic

-e
ug

ly
ce

m
ic

 c
la

m
p 

at
 

ba
se

lin
e 

an
d 

on
 d

ay
 1

2.
 

Fa
sti

ng
 in

su
lin

 (m
U

/L
), 

fa
sti

ng
 g

lu
co

se
 (m

g/
dL

) 
an

d 
gl

uc
os

e 
di

sp
os

al
 ra

te
 

(m
g/

kg
/m

in
)

Δ
 fa

sti
ng

 g
lu

co
se

 (m
g/

dL
) (

po
st-

pr
e)

:
• 

-3
.0

   
P 

<
 0

.0
5

Δ
 g

lu
co

se
 d

is
po

sa
l r

at
e 

(m
g/

kg
/m

in
) 

(p
os

t-p
re

):
• 

0.
9 

   
P 

<
 0

.0
5

Δ
 fa

sti
ng

 in
su

lin
 (m

U
/L

) (
po

st-
pr

e)
:

• 
-0

.8
 

   
P 

=
 N

.S
.

M
ac

ke
nz

ie
 e

t a
l. 

20
11

 [2
1]

Se
de

nt
ar

y 
m

en
 (n

 =
 8

) w
ith

 
re

ce
nt

ly
-d

ia
gn

os
ed

 (<
5 

yr
s)

 
T2

D
M

 (a
ge

 5
8 

±
 4

 y
rs

, B
M

I 2
9.

2 
±

 6
.7

 k
g/

m
2 ).

Fo
llo

w
in

g 
an

 o
ve

rn
ig

ht
 fa

st 
(∼

12
 h

), 
su

bj
ec

ts
 c

om
pl

et
ed

 fo
ur

 
tri

al
s:

 6
0 

m
in

 o
f 1

) n
or

m
ox

ic
 re

st 
 (F

iO
2 2

1%
), 

2)
 h

yp
ox

ic
 

re
st 

 (F
iO

2 1
4.

6%
), 

3)
 n

or
m

ox
ic

 e
xe

rc
is

e 
 (F

iO
2 2

1%
) a

nd
 

4)
 h

yp
ox

ic
 e

xe
rc

is
e 

 (F
iO

2 1
4.

6%
). 

D
ie

ta
ry

 in
ta

ke
 w

as
 c

on
-

tro
lle

d 
48

 h
 p

rio
r t

o 
ea

ch
 c

on
di

tio
n.

Fi
ve

 su
bj

ec
ts

 w
er

e 
di

et
 tr

ea
te

d,
 a

nd
 th

re
e 

su
bj

ec
ts

 w
er

e 
tre

at
ed

 w
ith

 m
et

fo
rm

in
. S

ub
je

ct
s w

er
e 

as
ke

d 
to

 a
bs

ta
in

 
fro

m
 m

ed
ic

at
io

n 
48

 h
 th

e 
be

fo
re

 e
xp

er
im

en
ta

l t
ria

ls
.  

In
su

lin
 se

ns
iti

vi
ty

  (S
i2 *)

, 
A

U
C

 fo
r a

rte
ria

liz
ed

 
bl

oo
d 

gl
uc

os
e 

(m
m

ol
/

L/
4h

) a
nd

 A
U

C
 fo

r p
la

sm
a 

in
su

lin
 (μ

U
/m

L/
4h

) 
du

rin
g 

a 
4-

h 
in

tra
ve

no
us

 
gl

uc
os

e 
to

le
ra

nc
e 

te
st

Δ
 In

su
lin

 se
ns

iti
vi

ty
  (S

i2 *,
 ∙1

04  μ
U

/
m

l) 
(n

or
m

ox
ic

 –
 h

yp
ox

ic
): 

• 
Re

st:
 -0

.8
6 

   
P 

<
 0

.0
5 

• 
Ex

er
ci

se
: -

1.
13

 
   

P 
<

 0
.0

5
Δ

 A
U

C
 fo

r p
la

sm
a 

in
su

lin
 (μ

U
/

m
L/

4h
) (

no
rm

ox
ic

-h
yp

ox
ic

):
• 

Re
st:

 1
86

1
   

P 
<

 0
.0

5
• 

Ex
er

ci
se

: 1
30

3
   

P 
<

 0
.0

1
Δ

 A
U

C
 fo

r a
rte

ria
liz

ed
 b

lo
od

 g
lu

co
se

 
(m

m
ol

/L
/4

h)
 (n

or
m

ox
ic

-h
yp

ox
ic

):
• 

Re
st:

 2
04

   
P 

=
 N

.S
.

• 
Ex

er
ci

se
: 1

20
   

P 
=

 N
.S

.

475Reviews in Endocrine and Metabolic Disorders (2021) 22:471–483



1 3

Ta
bl

e 
1 

 (c
on

tin
ue

d)

A
ut

ho
rs

C
ha

ra
ct

er
ist

ic
s o

f s
tu

dy
 p

ar
tic

ip
an

ts
H

yp
ox

ia
 e

xp
os

ur
e 

pr
ot

oc
ol

 
M

ai
n 

ou
tc

om
e 

pa
ra

m
et

er
s

St
ud

y 
ou

tc
om

es
*

M
ac

ke
nz

ie
 e

t a
l. 

20
12

 [2
2]

Se
de

nt
ar

y 
m

al
es

 (n
 =

 8
), 

w
ith

 
re

ce
nt

ly
 d

ia
gn

os
ed

 T
2D

M
; a

ge
 

57
.5

 ±
 2

.3
 y

rs
, B

M
I 2

9.
2 

±
 2

.9
 

kg
/m

2 ).

Su
bj

ec
ts

 p
er

fo
rm

ed
 3

 a
cu

te
 e

xe
rc

is
e 

se
ss

io
ns

 (6
0,

 4
0 

an
d 

20
 m

in
ut

es
 a

t 9
0%

 o
f p

re
de

te
rm

in
ed

 la
ct

at
e 

th
re

sh
ol

d)
 

un
de

r h
yp

ox
ia

  (F
iO

2 1
4.

7±
0.

2%
) s

ep
ar

at
ed

 b
y 

at
 le

as
t 7

 
da

ys
. A

fte
r e

ac
h 

ex
er

ci
se

 tr
ia

l (
da

y 
1)

, f
as

tin
g 

gl
uc

os
e 

an
d 

H
O

M
A

-I
R

 w
er

e 
de

te
rm

in
ed

 a
fte

r 2
4 

ho
ur

s (
da

y 
2)

 a
nd

 4
8 

ho
ur

s (
da

y 
3)

.
N

o 
no

rm
ox

ic
 e

xe
rc

is
e 

co
nt

ro
l g

ro
up

 w
as

 in
cl

ud
ed

.

Fa
sti

ng
 g

lu
co

se
 (m

m
ol

/L
), 

fa
sti

ng
 in

su
lin

 (μ
U

/m
l),

 
H

O
M

A
-I

R
.

Δ
 fa

sti
ng

 g
lu

co
se

 (m
m

ol
/L

) (
da

y 
3-

da
y 

1)
:

• 
20

 m
in

ut
es

: -
0.

46
   

P 
=

 N
.S

. v
s d

ay
 1

• 
40

 m
in

ut
es

: -
0.

87
   

P 
<

 0
.0

5 
vs

 d
ay

 1
• 

60
 m

in
ut

es
: -

1.
01

   
P 

<
 0

.0
5 

vs
 d

ay
 1

Δ
 fa

sti
ng

 in
su

lin
 (μ

U
/m

l) 
(d

ay
 3

-d
ay

 
1)

:
• 

20
 m

in
ut

es
: -

0.
20

   
P 

=
 N

.S
. v

s d
ay

 1
• 

40
 m

in
ut

es
: -

2.
40

   
P 

=
 N

.S
. v

s d
ay

 1
• 

60
 m

in
ut

es
: -

2.
67

   
P 

<
 0

.0
5 

vs
 d

ay
 1

Δ
 H

O
M

A
-I

R
 (d

ay
 3

-d
ay

 1
):

• 
20

 m
in

ut
es

: -
0.

18
   

P 
=

 N
.S

. v
s d

ay
 1

• 
40

 m
in

ut
es

: -
1.

47
   

P 
<

 0
.0

5 
vs

 d
ay

 1
• 

60
 m

in
ut

es
: -

1.
96

  P
 <

 0
.0

5 
vs

 d
ay

 1
M

ar
la

tt 
et

 a
l. 

20
20

 
[2

3]
A

du
lts

 w
ith

 c
on

fir
m

ed
 T

2D
M

 (n
 =

 
8,

 3
 fe

m
al

es
) A

ge
 4

9 
±

 1
0 

yr
s;

 
B

M
I 3

9.
6 

±
 5

.8
 k

g/
m

2 . 

Pa
rti

ci
pa

nt
s w

er
e 

re
qu

ire
d 

to
 sl

ee
p 

fo
r 1

4 
co

ns
ec

ut
iv

e 
ni

gh
ts

 
(7

–1
2 

h 
pe

r n
ig

ht
) a

t h
om

e 
in

 a
 h

yp
ox

ic
 te

nt
 m

ai
nt

ai
ne

d 
at

 
~1

5%
  O

2 (
ra

ng
e 

14
.5

– 
15

.5
%

  O
2)

.  
Pa

rti
ci

pa
nt

s c
om

pl
et

ed
 

in
pa

tie
nt

 v
is

its
 a

t d
ay

 0
 (b

as
el

in
e,

 p
re

-in
te

rv
en

tio
n)

 a
nd

 d
ay

 
14

 (e
nd

 o
f i

nt
er

ve
nt

io
n)

. 

2-
h 

pl
as

m
a 

gl
uc

os
e 

A
U

C
 

(in
 m

g/
dL

 ×
 h

), 
2-

 h
 

pl
as

m
a 

in
su

lin
 A

U
C

 (i
n 

μU
/m

L 
× 

h)
, a

nd
 in

su
lin

 
se

ns
iti

vi
ty

 a
s e

sti
m

at
ed

 
by

 th
e 

M
at

su
da

 In
de

x 
an

d 
D

is
po

si
tio

n 
In

de
x

Δ
 2

-h
 p

la
sm

a 
gl

uc
os

e 
A

U
C

 (i
n 

m
g/

dL
 ×

 h
) (

po
st-

pr
e)

:
• 

-6
2

   
P 

<
 0

.0
5

Δ
 in

su
lin

 se
ns

iti
vi

ty
 (e

sti
m

at
ed

 b
y 

M
at

su
da

 In
de

x)
 (p

os
t-p

re
): 

• 
0.

5
  P

 =
 N

.S
.

Δ
 in

su
lin

 se
ns

iti
vi

ty
 (e

sti
m

at
ed

 b
y 

D
is

po
si

tio
n 

In
de

x)
 (p

os
t-p

re
):

• 
0.

5
  P

 =
 N

.S
.

476 Reviews in Endocrine and Metabolic Disorders (2021) 22:471–483



1 3

Ta
bl

e 
1 

 (c
on

tin
ue

d)

A
ut

ho
rs

C
ha

ra
ct

er
ist

ic
s o

f s
tu

dy
 p

ar
tic

ip
an

ts
H

yp
ox

ia
 e

xp
os

ur
e 

pr
ot

oc
ol

 
M

ai
n 

ou
tc

om
e 

pa
ra

m
et

er
s

St
ud

y 
ou

tc
om

es
*

D
e 

G
ro

ot
e 

et
 a

l. 
20

18
 

[2
4]

A
do

le
sc

en
ts

 (n
 =

 1
4,

 8
 fe

m
al

es
), 

ag
ed

 1
2–

15
 y

rs
; B

M
I >

30
 k

g/
m

2 . 
8 

w
ee

k,
 ra

nd
om

iz
ed

, s
in

gl
e-

bl
in

d 
stu

dy
, i

nc
lu

di
ng

 6
 w

ee
ks

 o
f 

ex
er

ci
se

 tr
ai

ni
ng

 w
he

re
 th

re
e 

tim
es

 p
er

 w
ee

k,
 a

do
le

sc
en

ts
 

w
er

e 
tra

in
ed

 fo
r 5

0–
 6

0 
m

in
, i

nc
lu

di
ng

 1
2 

m
in

 o
n 

a 
cy

cl
e 

er
go

m
et

er
- S

es
si

on
 1

: 2
 m

in
 a

t 5
0%

 M
A

P 
an

d 
10

 m
in

 a
t 7

0%
 M

A
P

- S
es

si
on

 2
: 2

 m
in

 a
t 5

0%
 M

A
P 

an
d 

5 
re

pe
tit

io
ns

 o
f 1

 m
in

 
80

%
–1

 m
in

 5
0%

 M
A

P;
- S

es
si

on
 3

: i
nc

re
m

en
ta

l t
ra

in
in

g 
st

ar
te

d 
at

 4
0%

 M
A

P 
w

ith
 a

n 
in

cr
ea

se
 o

f 1
0%

 M
A

P 
ea

ch
 2

 m
in

 a
nd

 re
si

st
an

ce
 tr

ai
ni

ng
 o

f 
th

e 
ab

do
m

in
al

, q
ua

dr
ic

ep
s, 

an
d 

bi
ce

ps
 m

us
cl

es
 (1

5 
re

pe
ti-

tio
ns

 a
t 5

0%
 1

R
M

 +
 4

 se
ts

 o
f 6

 re
pe

tit
io

ns
 a

t 7
0%

 1
R

M
; 

re
sti

ng
 ti

m
e:

 2
 m

in
). 

Th
e 

no
rm

ox
ic

 e
xe

rc
is

e 
gr

ou
p 

(n
 =

 7
, 4

 fe
m

al
es

) w
as

 e
xp

os
ed

 
to

 a
m

bi
en

t c
on

di
tio

ns
, w

hi
le

 th
e 

no
rm

ob
ar

ic
 h

yp
ox

ic
 e

xe
r-

ci
se

 g
ro

up
 (n

 =
 7

; 4
 fe

m
al

es
) w

as
 e

xp
os

ed
 to

 a
  F

iO
2 1

5%
. 

H
O

M
A

-I
R

, H
O

M
A

-β
, 

Q
U

IC
K

I, 
A

U
C

 p
la

sm
a 

in
su

lin
 (µ

U
/m

l) 
an

d 
gl

u-
co

se
 (m

g/
dl

). 

Δ
 A

U
C

 p
la

sm
a 

in
su

lin
 (%

) (
po

st-
pr

e)
:

• 
H

yp
ox

ia
 g

ro
up

: -
49

  P
 <

 0
.0

1
• 

N
or

m
ox

ia
 g

ro
up

: -
21

  P
 =

 N
.S

.
Δ

 A
U

C
 g

lu
co

se
 le

ve
ls

 (%
) (

po
st-

pr
e)

:
• 

H
yp

ox
ia

 g
ro

up
: -

14
  P

 <
 0

.0
1

• 
N

or
m

ox
ia

 g
ro

up
: -

7
  P

 =
 N

.S
.

Δ
 H

O
M

A
-I

R
 (%

) (
po

st-
pr

e)
:

• 
H

yp
ox

ia
 g

ro
up

: -
37

   
P 

=
 0

.0
8

• 
N

or
m

ox
ia

 g
ro

up
: -

45
   

P 
<

 0
.0

5
Δ

 H
O

M
A

-β
 (%

) (
po

st-
pr

e)
:

• 
H

yp
ox

ia
 g

ro
up

: -
30

   
P 

<
 0

.0
5

• 
N

or
m

ox
ia

 g
ro

up
: -

29
   

P 
<

 0
.0

5
Δ

 Q
U

IC
K

I (
%

) (
po

st-
pr

e)
• 

H
yp

ox
ia

 g
ro

up
: 7

   
P 

<
 0

.0
1

N
or

m
ox

ia
 g

ro
up

: 6
P 

<
 0

.0
1

W
ie

sn
er

 e
t a

l. 
20

09
 

[2
5]

Se
de

nt
ar

y,
 n

on
di

ab
et

ic
 o

r i
ns

ul
in

 
re

si
st

an
t, 

ov
er

w
ei

gh
t/o

be
se

 m
en

 
an

d 
w

om
en

 (n
 =

 4
5,

 2
7 

fe
m

al
es

). 
A

ge
 4

2 
±

 7
.1

 y
rs

; B
M

I: 
30

.2
 ±

 3
.6

 
kg

/m
2 . 

Su
bj

ec
ts

 w
er

e 
su

bm
itt

ed
 to

 a
 tr

ai
ni

ng
 p

ro
gr

am
 (6

0 
m

in
/

da
y,

 3
x/

w
ee

k)
 fo

r 4
 w

ee
ks

 a
t a

 h
ea

rt 
ra

te
 c

or
re

sp
on

di
ng

 to
 

65
%

 o
f m

ax
im

um
 o

xy
ge

n 
co

ns
um

pt
io

n 
un

de
r n

or
m

ob
ar

ic
 

no
rm

ox
ia

  (F
iO

2 2
1.

0%
) o

r h
yp

ox
ia

  (F
iO

2 1
5%

). 
B

ot
h 

gr
ou

ps
 

tra
in

ed
 a

t t
he

 sa
m

e 
re

la
tiv

e 
ex

er
ci

se
 in

te
ns

ity
.

H
O

M
A

-I
R

, f
as

tin
g 

in
su

lin
 

(µ
U

/m
l).

 
Δ

 H
O

M
A

-I
R

 (p
os

t-p
re

):
• 

H
yp

ox
ia

 g
ro

up
: -

0.
8

   
P 

<
 0

.0
5

• 
N

or
m

ox
ia

 g
ro

up
: -

0.
7

   
P 

<
 0

.0
5

Δ
 fa

sti
ng

 in
su

lin
 (µ

U
/m

l) 
(p

os
t-p

re
):

• 
H

yp
ox

ia
 g

ro
up

: -
3.

1 
   

P 
<

 0
.0

5
• 

N
or

m
ox

ia
 g

ro
up

: -
3.

2 
   

P 
<

 0
.0

5

477Reviews in Endocrine and Metabolic Disorders (2021) 22:471–483



1 3

Ta
bl

e 
1 

 (c
on

tin
ue

d)

A
ut

ho
rs

C
ha

ra
ct

er
ist

ic
s o

f s
tu

dy
 p

ar
tic

ip
an

ts
H

yp
ox

ia
 e

xp
os

ur
e 

pr
ot

oc
ol

 
M

ai
n 

ou
tc

om
e 

pa
ra

m
et

er
s

St
ud

y 
ou

tc
om

es
*

Li
pp

l e
t a

l. 
20

10
 [2

6]
O

be
se

 m
en

 w
ith

 th
e 

m
et

ab
ol

ic
 sy

n-
dr

om
e 

(n
 =

 2
0)

; A
ge

 5
5.

7 
±

 4
.1

 
yr

s, 
B

M
I 3

3.
7 

±
 1

.0
 k

g/
m

2 ).

B
as

el
in

e 
(d

ay
 1

) a
nd

 fo
llo

w
-u

p 
in

ve
sti

ga
tio

ns
 (d

ay
 4

2)
 w

er
e 

pe
rfo

rm
ed

 a
t a

n 
al

tit
ud

e 
of

 5
30

m
. H

ig
h-

al
tit

ud
e 

m
ea

su
re

-
m

en
ts

 (d
ay

 7
 a

nd
 d

ay
 1

4)
 w

er
e 

pe
rfo

rm
ed

 a
t a

n 
al

tit
ud

e 
of

 2
,6

50
m

. A
ct

iv
ity

 w
as

 re
str

ic
te

d 
to

 sl
ow

 w
al

ks
. T

he
 

se
le

ct
io

n 
an

d 
am

ou
nt

 o
f f

oo
ds

 w
as

 si
m

ila
r a

t t
he

 d
iff

er
en

t 
lo

ca
tio

ns
. T

es
tin

g 
w

as
 p

er
fo

rm
ed

 a
t t

he
 sa

m
e 

tim
e 

of
 d

ay
 

fo
r e

ac
h 

pa
tie

nt
 a

fte
r a

 m
in

im
um

 fa
st 

of
 8

h.

Fa
sti

ng
 g

lu
co

se
 (m

g/
dl

), 
in

su
lin

 v
al

ue
s (

μU
/m

l),
 

H
bA

1c
 (%

) a
nd

H
O

M
A

. 

Δ
 H

bA
1c

 (%
) (

da
y 

14
-d

ay
 1

):
• 

-0
.1

   
P 

<
 0

.0
5

Δ
 fa

sti
ng

 b
lo

od
 g

lu
co

se
 (m

g/
dl

) (
da

y 
14

-d
ay

 1
):

• 
-1

.9
   

P 
=

 N
.S

.
Δ

 in
su

lin
 (μ

U
/m

l) 
(d

ay
 1

4-
da

y 
1)

:
• 

3.
5 

  P
 =

 N
.S

.
Δ

 H
O

M
A

-I
R

 (d
ay

 1
4-

da
y 

1)
:

• 
1.

3
  P

 =
 N

.S
.

M
or

is
hi

m
a 

et
 a

l. 
20

15
 [2

7]
Se

de
nt

ar
y 

m
en

 (n
 =

 2
1)

; A
ge

 2
4.

3 
±

 
1.

12
 y

rs
; B

M
I 2

5.
5 

±
 0

.7
 k

g/
m

2 ). 
Su

bj
ec

ts
 w

er
e 

ra
nd

om
ly

 a
ss

ig
ne

d 
to

 e
ith

er
 th

e 
2-

w
ee

k 
hy

po
xi

c 
tra

in
in

g 
gr

ou
p 

(n
 =

 1
1;

 6
 se

ss
io

ns
/w

ee
k)

 o
r t

he
 

4-
w

ee
k 

hy
po

xi
c 

tra
in

in
g 

gr
ou

p 
(n

 =
 1

0;
 3

 se
ss

io
ns

/w
ee

k)
. 

Ea
ch

 tr
ai

ni
ng

 se
ss

io
n 

co
ns

ist
ed

 o
f 6

0-
m

in
 c

yc
lin

g 
at

 6
5%

 o
f 

m
ax

im
al

 o
xy

ge
n 

up
ta

ke
  (V

O
2m

ax
) e

va
lu

at
ed

 u
nd

er
 h

yp
ox

ic
 

co
nd

iti
on

s  (
F i

O
2 1

5.
0%

).

Fa
sti

ng
 g

lu
co

se
  (

m
g/

dl
) 

an
d 

in
su

lin
 v

al
ue

s (
μU

/m
l)

Δ
 fa

sti
ng

 g
lu

co
se

 (m
g/

dl
) (

po
st-

pr
e)

:
• 

2-
w

ee
k 

gr
ou

p:
 -1

.0
  P

 =
 N

.S
.

• 
4-

w
ee

k 
gr

ou
p:

 -1
.0

 
  P

 =
 N

.S
.

Δ
 fa

sti
ng

 in
su

lin
 (μ

U
/m

l) 
(p

os
t-p

re
):

• 
2-

w
ee

k 
gr

ou
p:

 -2
.0

  P
 =

 N
.S

.
• 

4-
w

ee
k 

gr
ou

p:
 -2

.5
 

   
P 

=
 N

.S
.

M
or

is
hi

m
a 

et
 a

l. 
20

14
 [2

8]
Se

de
nt

ar
y,

 o
ve

rw
ei

gh
t m

en
 (n

 =
 8

); 
A

ge
 2

7 
±

 3
 y

rs
; B

M
I 2

8.
6 

±
 0

.8
 

kg
/m

2 ).

M
ax

im
al

 o
xy

ge
n 

up
ta

ke
  (V

O
2m

ax
) w

as
 a

ss
es

se
d 

us
in

g 
a 

gr
ad

ed
 p

ow
er

 te
st 

on
 a

n 
er

go
m

et
er

 u
nd

er
 n

or
m

ox
ic

 (fi
rs

t 
vi

si
t) 

an
d 

hy
po

xi
c 

(s
ec

on
d 

vi
si

t) 
co

nd
iti

on
s. 

Fo
ur

 a
cu

te
 e

xp
er

im
en

ta
l s

tu
di

es
 w

er
e 

ca
rr

ie
d 

ou
t i

n 
a 

ra
nd

-
om

iz
ed

 c
ro

ss
ov

er
 d

es
ig

n 
(s

es
si

on
s s

ep
ar

at
ed

 b
y 

±
 7

 d
ay

s)
 

in
 a

n 
en

vi
ro

nm
en

ta
l c

ha
m

be
r f

ol
lo

w
in

g 
an

 o
ve

rn
ig

ht
 fa

st:
 

bo
th

 a
 1

) r
es

t a
nd

 2
) e

xe
rc

is
e 

tri
al

 u
nd

er
 n

or
m

ox
ic

 c
on

di
-

tio
ns

  (F
iO

2 =
 2

0.
9%

), 
an

d 
a 

3)
 re

st 
an

d 
4)

 e
xe

rc
is

e 
tri

al
 

un
de

r h
yp

ox
ic

 c
on

di
tio

ns
  (F

iO
2 =

 1
5.

0%
). 

In
 th

e 
re

st 
tri

al
s 

su
bj

ec
ts

 re
ste

d 
on

 a
 c

ha
ir.

 In
 th

e 
ex

er
ci

se
 tr

ia
ls

, s
ub

je
ct

s 
co

nd
uc

te
d 

3x
30

 m
in

 p
ed

al
in

g 
ex

er
ci

se
 a

t 6
0%

 o
f  V

O
2m

ax
 

at
 8

:0
0,

 1
0:

30
, a

nd
 1

3:
00

, a
nd

 re
ste

d 
du

rin
g 

th
e 

re
m

ai
ni

ng
 

pe
rio

ds
. 

St
an

da
rd

 m
ea

ls
 w

er
e 

pr
ov

id
ed

 a
t 8

:3
0,

 1
1:

00
, a

nd
 1

3:
30

.

A
U

C
 fo

r g
lu

co
se

 (m
g/

dL
 ∙7

.5
h)

 a
nd

 A
U

C
 fo

r 
se

ru
m

 in
su

lin
 (μ

IU
/∙7

.5
h)

, 
in

cl
ud

in
g 

in
ta

ke
 o

f m
ea

ls
 

w
ith

 o
r w

ith
ou

t e
xe

rc
is

e 
se

ss
io

ns
. 

Δ
 A

U
C

 fo
r b

lo
od

 g
lu

co
se

 (m
g/

dL
∙7

.5
h 

) (
no

rm
ox

ic
-h

yp
ox

ic
) (

da
ta

 
no

t s
ho

w
n 

in
 te

xt
 b

ut
 in

 fi
gu

re
s)

:
• 

Re
st 

:
  P

 =
 N

.S
.

• 
Ex

er
ci

se
:

  P
 =

 N
.S

.
Δ

 A
U

C
 fo

r s
er

um
 in

su
lin

 (μ
IU

/
m

L∙
7.

5h
 ) 

(n
or

m
ox

ic
-h

yp
ox

ic
):

• 
Re

st:
   

P 
=

 N
.S

.
• 

Ex
er

ci
se

: 
   

P 
=

 N
.S

.

478 Reviews in Endocrine and Metabolic Disorders (2021) 22:471–483



1 3

Ta
bl

e 
1 

 (c
on

tin
ue

d)

A
ut

ho
rs

C
ha

ra
ct

er
ist

ic
s o

f s
tu

dy
 p

ar
tic

ip
an

ts
H

yp
ox

ia
 e

xp
os

ur
e 

pr
ot

oc
ol

 
M

ai
n 

ou
tc

om
e 

pa
ra

m
et

er
s

St
ud

y 
ou

tc
om

es
*

G
ut

w
en

ge
r e

t a
l. 

20
15

 [2
9]

In
di

vi
du

al
s w

ith
 th

e 
m

et
ab

ol
ic

 sy
n-

dr
om

e 
(n

 =
 1

4;
 8

 fe
m

al
es

); 
hi

gh
 

al
tit

ud
e:

 A
ge

: 3
9 

– 
60

 y
rs

; B
M

I 
31

.1
 ±

 5
.3

  k
g/

m
2  L

ow
 a

lti
tu

de
: 

A
ge

 5
5 

– 
69

 y
rs

; B
M

I 3
2.

3 
±

4.
2 

kg
/m

2 .

Pa
rti

ci
pa

nt
s w

er
e 

as
si

gn
ed

 to
 tw

o 
gr

ou
ps

: e
xe

rc
is

e 
un

de
r 

m
ild

 h
yp

ob
ar

ic
 h

yp
ox

ic
 c

on
di

tio
ns

 a
t 1

,9
00

 m
 a

lti
tu

de
 fo

r 2
 

w
ee

ks
 (n

 =
 8

), 
or

 e
xe

rc
is

e 
un

de
r n

or
m

ob
ar

ic
 n

or
m

ox
ic

 c
on

-
di

tio
ns

 a
t 3

00
 m

 a
lti

tu
de

 (n
 =

 6
) f

or
 2

 w
ee

ks
. B

ot
h 

gr
ou

ps
 

pa
rti

ci
pa

te
d 

in
 th

e 
su

pe
rv

is
ed

 tr
ai

ni
ng

 p
ro

gr
am

 (h
ik

in
g;

 3
h/

da
y,

 4
x/

w
ee

k;
 to

ta
l t

ra
in

in
g 

tim
e 

of
 2

4 
ho

ur
s)

 a
t a

n 
in

te
ns

ity
 

of
 5

5–
65

%
 o

f t
he

 in
di

vi
du

al
 m

ax
im

al
 h

ea
rt 

ra
te

. 

In
su

lin
 v

al
ue

s (
m

U
/L

) a
nd

 
gl

uc
os

e 
va

lu
es

 (m
g/

dl
). 

Δ
 b

lo
od

 in
su

lin
 v

al
ue

s (
m

U
/L

) (
po

st-
pr

e)
:

• 
M

od
er

at
e 

al
tit

ud
e:

 1
.0

• 
Lo

w
 a

lti
tu

de
: 1

.5
M

od
er

at
e 

ve
rs

us
 lo

w
 a

lti
tu

de
: 

   
P 

=
 N

.S
.

Δ
 b

lo
od

 g
lu

co
se

 v
al

ue
s (

m
g/

dl
) 

(p
os

t-p
re

):
• 

M
od

er
at

e 
al

tit
ud

e:
 -1

.6
• 

Lo
w

 a
lti

tu
de

: -
1.

5
M

od
er

at
e 

ve
rs

us
 lo

w
 a

lti
tu

de
: 

   
P 

=
 N

.S
.

C
ha

ca
ro

un
 e

t a
l. 

20
20

 [3
0]

O
ve

rw
ei

gh
t o

r o
be

se
, s

ed
en

ta
ry

 su
b-

je
ct

s (
n 

=
 2

3,
 4

 fe
m

al
es

); 
A

ge
 5

4 
±

 1
1 

yr
s;

 B
M

I 3
1.

5 
±

 2
.8

 k
g/

m
2 ). 

Su
bj

ec
ts

 p
er

fo
rm

ed
 3

x4
5-

m
in

 e
xe

rc
is

e 
se

ss
io

ns
/w

ee
k 

fo
r 

8 
w

ee
ks

. M
ea

su
re

m
en

ts
 w

er
e 

pe
rfo

rm
ed

 b
ef

or
e 

an
d 

af
te

r 
th

e 
8-

w
ee

k 
tra

in
in

g 
pe

rio
d.

 D
ur

in
g 

cy
cl

in
g,

 w
or

kl
oa

d 
w

as
 

co
nt

in
uo

us
ly

 a
dj

us
te

d 
to

 o
bt

ai
n 

a 
he

ar
t r

at
e 

of
 7

5%
 o

f i
nd

i-
vi

du
al

 m
ax

im
al

 h
ea

rt 
ra

te
. F

or
 th

e 
hy

po
xi

c 
ex

er
ci

se
 tr

ai
ni

ng
 

gr
ou

p 
(1

1 
m

al
es

 a
nd

 1
 fe

m
al

e)
,  F

iO
2 w

as
 in

di
vi

du
al

ly
 a

nd
 

co
nt

in
uo

us
ly

 a
dj

us
te

d 
to

 re
ac

h 
a 

ta
rg

et
  S

pO
2 o

f 8
0%

 u
nd

er
 

no
rm

ob
ar

ic
 c

on
di

tio
ns

. T
he

 n
or

m
ox

ic
 e

xe
rc

is
e 

tra
in

in
g 

gr
ou

p 
(8

 m
al

es
 a

nd
 3

 fe
m

al
es

) i
nh

al
ed

 n
or

m
ox

ic
 a

m
bi

en
t 

ai
r  (

F i
O

2 2
1%

).

H
O

M
A

2-
IR

, p
la

sm
a 

in
su

lin
 

(μ
U

/m
l).

Δ
 H

O
M

A
2-

IR
 (p

os
t-p

re
):

• 
H

yp
ox

ia
 g

ro
up

: -
0.

03
   

P 
=

 N
.S

.
• 

N
or

m
ox

ia
 g

ro
up

: -
0.

05
   

P 
=

 N
.S

.
Δ

 p
la

sm
a 

in
su

lin
 (μ

U
/m

l) 
(p

os
t-p

re
):

• 
H

yp
ox

ia
 g

ro
up

: -
0.

4 
P 

=
 N

.S
.

• 
N

or
m

ox
ia

 g
ro

up
: -

0.
4 

P 
=

 N
.S

.
K

lu
g 

et
 a

l. 
20

18
 [3

1]
M

en
 w

ith
 m

et
ab

ol
ic

 sy
nd

ro
m

e 
(n

 =
 

23
); 

A
ge

 1
8-

70
 y

rs
; B

M
I h

yp
ox

ic
 

gr
ou

p 
34

.1
±

0.
9,

 B
M

I n
or

m
ox

ic
 

gr
ou

p 
35

.5
±

1.
4 

kg
/m

2 .

Pa
tie

nt
s c

om
pl

et
ed

 a
 6

-w
ee

k 
m

od
er

at
e,

 a
er

ob
ic

 e
xe

rc
is

e 
pr

og
ra

m
 (3

x/
w

k 
at

 5
0–

60
%

 o
f m

ax
im

al
 h

ea
rt 

ra
te

). 
O

ne
 

tra
in

in
g 

se
ss

io
n 

la
ste

d 
60

 m
in

 w
ith

 3
x1

5 
m

in
 in

te
rv

al
s o

f 
w

al
ki

ng
 o

n 
th

e 
tre

ad
m

ill
 a

nd
 a

 5
 m

in
 b

re
ak

 in
 b

et
w

ee
n 

fo
r 

re
co

ve
ry

. T
he

 h
yp

ox
ic

 e
xe

rc
is

e 
gr

ou
p 

w
as

 e
xp

os
ed

 to
 n

or
-

m
ob

ar
ic

 h
yp

ox
ia

  (F
iO

2 1
5%

), 
w

hi
le

 th
e 

no
rm

ox
ic

 e
xe

rc
is

e 
gr

ou
p 

w
as

 e
xp

os
ed

 to
 n

or
m

ob
ar

ic
 n

or
m

ox
ia

  (F
iO

2 2
1%

)

G
lu

co
se

 (m
m

ol
/L

) a
nd

 
in

su
lin

 le
ve

ls
 (μ

U
/m

l),
  

H
bA

1c
 (%

). 

Δ
 fa

sti
ng

 in
su

lin
 (μ

U
/m

l) 
( p

os
t-p

re
):

• 
H

yp
ox

ia
 g

ro
up

: 3
 

   
P 

=
 N

.S
.

• 
N

or
m

ox
ia

 g
ro

up
: -

2
   

P 
=

 N
.S

.
H

yp
ox

ia
 v

er
su

s n
or

m
ox

ia
: 

   
P 

=
 N

.S
.

Δ
 b

lo
od

 g
lu

co
se

 (m
m

ol
/L

) (
po

st-
pr

e)
:

• 
H

yp
ox

ia
 g

ro
up

: -
0.

2 
   

P 
=

 N
.S

.
• 

N
or

m
ox

ia
 g

ro
up

: 0
   

P 
=

 N
.S

.
H

yp
ox

ia
 v

er
su

s n
or

m
ox

ia
: 

   
P 

=
 N

.S
.

Δ
 H

bA
1c

 (%
) (

po
st-

pr
e)

:
• 

H
yp

ox
ia

 g
ro

up
: -

0.
2 

   
P 

=
 N

.S
.

• 
N

or
m

ox
ia

 g
ro

up
: -

0.
1

   
P 

=
 N

.S
.

H
yp

ox
ia

 v
er

su
s n

or
m

ox
ia

: 
   

P 
=

 N
.S

.

479Reviews in Endocrine and Metabolic Disorders (2021) 22:471–483



1 3

Ta
bl

e 
1 

 (c
on

tin
ue

d)

A
ut

ho
rs

C
ha

ra
ct

er
ist

ic
s o

f s
tu

dy
 p

ar
tic

ip
an

ts
H

yp
ox

ia
 e

xp
os

ur
e 

pr
ot

oc
ol

 
M

ai
n 

ou
tc

om
e 

pa
ra

m
et

er
s

St
ud

y 
ou

tc
om

es
*

C
ho

ba
ny

an
-J

ür
ge

ns
 

et
 a

l. 
20

19
 [3

2]
O

ld
er

 se
de

nt
ar

y 
in

di
vi

du
al

s (
n 

=
 

29
, 1

4 
fe

m
al

es
), 

H
yp

ox
ic

 g
ro

up
: 

A
ge

 6
0.

4±
5.

1 
yr

s;
 B

M
I 2

8.
6±

3.
0 

kg
/m

2 . N
or

m
ox

ic
 g

ro
up

: A
ge

 
63

.8
±

5.
8 

yr
s;

 B
M

I  
28

.3
±

1.
9 

kg
/

m
2 .

Pa
rti

ci
pa

nt
s t

ra
in

ed
 o

n 
a 

bi
cy

cl
e 

er
go

m
et

er
 3

 d
ay

s p
er

 w
ee

k 
fo

r 8
 w

ee
ks

 u
nd

er
 n

or
m

ob
ar

ic
 h

yp
ox

ia
  (F

iO
2 1

5%
) o

r 
no

rm
ox

ia
. S

ub
je

ct
s t

ra
in

ed
 a

t a
 h

ea
rt 

ra
te

 c
or

re
sp

on
di

ng
 to

 
60

%
 o

f p
re

-tr
ai

ni
ng

  V
O

2-
pe

ak
 fo

r 3
0 

m
in

ut
es

 fo
r t

he
 fi

rs
t 

4 
w

ee
ks

. A
fte

r 4
 w

ee
ks

, e
xe

rc
is

e 
in

te
ns

ity
 w

as
 in

cr
ea

se
d 

to
 7

0%
 o

f p
re

-tr
ai

ni
ng

  V
O

2-
pe

ak
 a

nd
 e

xe
rc

is
e 

du
ra

tio
n 

to
 4

0 
m

in
ut

es
.  

Pr
e-

tra
in

in
g 

 V
O

2-
pe

ak
 w

as
 d

et
er

m
in

ed
 

by
 p

er
fo

rm
in

g 
an

 in
cr

em
en

ta
l e

xe
rc

is
e 

te
st 

on
 a

 b
ic

yc
le

 
er

go
m

et
er

. 

G
lu

co
se

 in
fu

si
on

 ra
te

 (m
g/

m
in

), 
H

O
M

A
-I

R
 a

nd
 th

e 
in

su
lin

 se
ns

iti
vi

ty
 in

de
x 

 
(μ

g/
kg

/m
in

/(m
M

∙p
M

))
 

Δ
 g

lu
co

se
 in

fu
si

on
 ra

te
 (m

g/
m

in
) 

(p
os

t-p
re

): 
• 

H
yp

ox
ia

 g
ro

up
: 7

4
   

P 
<

 0
.0

1
• 

N
or

m
ox

ia
 g

ro
up

: 5
4

   
P 

<
 0

.0
5

H
yp

ox
ia

 v
er

su
s n

or
m

ox
ia

: 
   

P 
=

 N
.S

.
Δ

 H
O

M
A

-I
R

 (p
os

t-p
re

):
• 

H
yp

ox
ia

 g
ro

up
: -

0.
5

   
P 

=
 N

.S
.

• 
N

or
m

ox
ia

 g
ro

up
: -

0.
2

   
P 

=
 N

.S
.

H
yp

ox
ia

 v
er

su
s n

or
m

ox
ia

: 
   

P 
=

 N
.S

.
Δ

 in
su

lin
 se

ns
iti

vi
ty

 in
de

x 
 ((

μg
/k

g/
m

in
/(m

M
∙p

M
))

 (p
os

t-p
re

):
• 

H
yp

ox
ia

 g
ro

up
: 0

.1
7

   
P 

<
 0

.0
5

• 
N

or
m

ox
ia

 g
ro

up
: 0

.1
6

   
P 

<
 0

.0
5

H
yp

ox
ia

 v
er

su
s n

or
m

ox
ia

: 
   

P 
=

 N
.S

.
Sh

in
 e

t a
l. 

20
18

 [3
3]

Ja
pa

ne
se

 m
en

 (n
 =

 4
1)

, H
yp

ox
ic

 
gr

ou
p:

 A
ge

 4
5.

6±
20

.9
 y

rs
; B

M
I 

26
.8

±
2.

3 
kg

/m
2 . N

or
m

ox
ic

 g
ro

up
: 

A
ge

 4
6±

20
.5

 y
rs

; B
M

I 2
7±

3 
kg

/
m

2 .

Su
bj

ec
ts

 tr
ai

ne
d 

on
 a

 tr
ea

dm
ill

 3
 d

ay
s p

er
 w

ee
k 

fo
r 4

 w
ee

ks
, 

fo
r 5

0 
m

in
 (i

nc
lu

di
ng

 5
-m

in
ut

e 
w

ar
m

-u
p 

an
d 

co
ol

-d
ow

n 
pe

rio
ds

). 
A

 3
0-

m
in

ut
e 

re
st 

pe
rio

d 
pr

ec
ed

ed
 a

nd
 fo

l-
lo

w
ed

 e
ac

h 
ex

er
ci

se
 se

ss
io

n.
 E

xe
rc

is
e 

w
as

 p
er

fo
rm

ed
 a

t 
an

 in
te

ns
ity

 c
or

re
sp

on
di

ng
 to

 6
0%

 o
f t

he
 m

ax
im

um
 h

ea
rt 

ra
te

, w
hi

ch
 w

as
 c

al
cu

la
te

d 
fro

m
 th

e 
ag

e 
an

d 
he

ar
t r

at
e 

at
 

re
st.

 E
xe

rc
is

e 
w

as
 p

er
fo

rm
ed

 a
t e

ith
er

 n
or

m
ob

ar
ic

 h
yp

ox
ic

 
(1

5.
4%

  O
2)

 c
on

di
tio

ns
 (e

qu
iv

al
en

t t
o 

an
 a

lti
tu

de
 o

f 2
50

0 
m

), 
or

 n
or

m
ob

ar
ic

 n
or

m
ox

ic
 (2

0.
9%

  O
2)

 c
on

di
tio

ns
 (e

qu
iv

al
en

t 
to

 se
a 

le
ve

l).

H
O

M
A

-I
R

, f
as

tin
g 

in
su

lin
 

(μ
U

/m
l) 

an
d 

gl
uc

os
e 

(m
m

ol
/L

).

Δ
 H

O
M

A
-I

R
 (p

os
t-p

re
):

• 
H

yp
ox

ia
 g

ro
up

: -
1.

13
   

P 
<

 0
.0

5
• 

N
or

m
ox

ia
 g

ro
up

: -
0.

22
   

P 
<

 0
.0

5
Δ

 fa
sti

ng
 in

su
lin

 (μ
U

/m
l) 

(p
os

t-p
re

):
• 

H
yp

ox
ia

 g
ro

up
: -

5.
43

 
P 

=
 N

.S
.

• 
N

or
m

ox
ia

 g
ro

up
: -

0.
85

 
P 

=
 N

.S
.

Δ
 b

lo
od

 g
lu

co
se

 (m
m

ol
/L

) (
po

st-
pr

e)
:

• 
H

yp
ox

ia
 g

ro
up

: -
3.

25
 

   
P 

=
 N

.S
.

• 
N

or
m

ox
ia

 g
ro

up
: -

4.
14

 
   

P 
<

 0
.0

1

1R
M

 o
ne

 re
pe

tit
io

n 
m

ax
im

um
, A

U
C

 a
re

a 
un

de
r t

he
 c

ur
ve

, B
M

I 
bo

dy
 m

as
s 

in
de

x,
 F

iO
2 

fr
ac

tio
n 

of
 in

sp
ire

d 
ox

yg
en

, H
bA

1c
 g

ly
ca

te
d 

he
m

og
lo

bi
n,

 H
O

M
A-

β 
ho

m
eo

st
at

ic
 m

od
el

 a
ss

es
sm

en
t f

or
 

β-
ce

ll 
fu

nc
tio

n,
 H

O
M

A-
IR

 h
om

eo
st

at
ic

 m
od

el
 a

ss
es

sm
en

t f
or

 in
su

lin
 re

si
st

an
ce

, I
FG

 im
pa

ire
d 

fa
sti

ng
 g

lu
co

se
, I

G
T 

im
pa

ire
d 

gl
uc

os
e 

to
le

ra
nc

e,
 M

AP
 m

ea
n 

ar
te

ria
l p

re
ss

ur
e,

 N
.S

. n
on

si
gn

ifi
ca

nt
, 

O
G

TT
 o

ra
l g

lu
co

se
 to

le
ra

nc
e 

te
st,

 Q
U

IC
K

I q
ua

nt
ita

tiv
e 

in
su

lin
 se

ns
iti

vi
ty

 c
he

ck
 in

de
x,

 T
2D

M
 ty

pe
 2

 d
ia

be
te

s, 
VO

2m
ax

 m
ax

im
al

 o
xy

ge
n 

up
ta

ke
* 

‘P
re

-p
os

t’:
 T

he
 d

iff
er

en
ce

 fr
om

 b
as

el
in

e 
to

 p
os

t-i
nt

er
ve

nt
io

n 
(p

re
-in

te
rv

en
tio

n 
va

lu
es

 m
in

us
 p

os
t-i

nt
er

ve
nt

io
n 

va
lu

es
)

480 Reviews in Endocrine and Metabolic Disorders (2021) 22:471–483



1 3

2–8 weeks [25, 27, 29–31] on glucose homeostasis in meta-
bolically compromised individuals.

To summarize, 6 studies (2 controlled studies; 4 uncon-
trolled studies) demonstrated beneficial effects of hypoxia 
exposure on glucose homeostasis, while 10 studies (8 
controlled studies; 2 uncontrolled studies) reported no 
improvements in glucose homeostasis following hypoxia 
exposure. Notably, passive hypoxia exposure seemed to 
improve glucose homeostasis, while hypoxic exercise train-
ing (2–8 weeks) appeared to have no additional/synergis-
tic effects on glucose homeostasis compared to normoxia 
exposure.

3.2.2  The effects of hypoxia exposure on insulin sensitivity

Although conflicting findings on the effects of hypoxia expo-
sure on circulating glucose and insulin concentrations have 
been reported (Table 1), results of studies that have exam-
ined the effects of hypoxia exposure using more sophisti-
cated measures of insulin sensitivity and glucose tolerance 
such as the hyperinsulinemic-euglycemic clamp and the 
intravenous glucose tolerance test, respectively, suggest that 
hypoxia may improve insulin sensitivity.

Lecoultre et al. [20] showed that ten consecutive nights 
of moderate hypoxia  (FiO2 15%) exposure improved 
whole-body insulin sensitivity, assessed with the gold-
standard hyperinsulinemic-euglycemic clamp. Strikingly, 
the improvements in whole-body insulin sensitivity were 
more pronounced in individuals with the lowest baseline 
insulin sensitivity, underlining the potential of hypoxia 
exposure as a therapy for people with (severe) insulin 
resistance. Yet, the latter study did not include a control 
group [20]. Furthermore, Mackenzie et al. [21] demon-
strated improvements in glucose tolerance, determined 
using an intravenous glucose tolerance test, in response to 
acute hypoxia  (FiO2 15%) compared to normoxia exposure 
in patients with T2DM. Conversely, a study performed by 
Chobanyan-Jürgens et al. [32] did not show any significant 
additive beneficial effects of exercise under hypoxic cir-
cumstances  (FiO2 15%, 3 × 30-40 min/week for 8 weeks) 
compared to normoxic circumstances on insulin sensitiv-
ity, assessed by a hyperinsulinemic-euglycemic clamp, in 
older sedentary overweight individuals.

In addition, studies that used surrogate markers of insu-
lin sensitivity found improved [21, 22, 24, 25, 32, 33] or 
unchanged [27–31] insulin sensitivity following a hypoxia 
exercise program. Importantly, several of the studies that did 
find improved insulin sensitivity following hypoxia exposure 
did not include a control group or the improvement in the 
active arm (hypoxia exposure) was not different from the 
control condition (normoxia exposure) [24, 25, 32].

Thus, both acute and more prolonged exposure to hypoxia 
with or without the addition of exercise may have beneficial 

effects on insulin sensitivity in metabolically compromised 
individuals, but conflicting findings have been reported.

4  Discussion

The findings of the studies included in the present system-
atic review suggest that hypoxia exposure has beneficial or 
neutral effects on glucose homeostasis in metabolically com-
promised humans. More specific, passive hypoxia exposure 
seemed to improve glucose homeostasis, whereas hypoxic 
exercise training (2–8 weeks) appeared to have no addi-
tional/synergistic effects on glucose homeostasis compared 
to normoxia exposure. Due to the heterogeneity in study 
populations in these studies with respect to age, sex, meta-
bolic status (i.e. no T2DM/T2DM) and ethnicity, as well as 
differences in severity and duration (acute studies / 2–8 wks 
training) of hypoxia exposure, it is difficult to indicate which 
factors may explain the different study outcomes. Impor-
tantly, as several studies that reported beneficial effects on 
glucose homeostasis did not include a control group, these 
results should be interpreted with caution. Clearly, more 
well-controlled studies are needed to be able to disentan-
gle which parameters related to study population, hypoxia 
exposure protocol and/or intervention duration determine 
intervention outcomes.

Human studies have demonstrated a great variety in 
responses to hypoxia exposure on glucose homeostasis. 
One could argue that exercise under mild hypoxic condi-
tions might induce more pronounced adaptations in glucose 
homeostasis as compared to hypoxia exposure under resting 
conditions due to a stronger hypoxic stimulus under exer-
cise conditions [34]. Even more importantly, the adaptations 
underlying the effects of hypoxia may vary based on the 
severity and duration of hypoxia exposure (duration of each 
hypoxic episode and total exposure duration) as well as the 
pattern (intermittent/continuous) of exposure [10]. Indeed, 
it has been suggested that mild hypoxia exposure with low 
cycle numbers (3–15 cycles/day) may improve several 
metabolic parameters, whereas severe hypoxia, with high-
frequent episodes may result in pathological adaptations 
[35]. For example, severe (intermittent) hypoxia exposure 
may increase sympathetic nervous system activity, blood 
pressure, inflammation, cholesterol levels, the risk of ath-
erosclerosis and right ventricular hypertrophy, and impair 
cognitive function, as extensively reviewed [35]. Since 
severe hypoxia exposure may induce Acute Mountain Sick-
ness symptoms and other pathogenic effects, it is important 
to closely monitor adverse events when conducting hypoxia 
exposure intervention studies. Importantly, none of the stud-
ies included in the present systematic review reported more 
Adverse Events related to the intervention during hypoxia 
exposure compared to normoxia exposure. The results of the 
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studies included in the present systematic review seem con-
flicting and are difficult to compare due to the heterogeneity 
of study designs. In addition, several studies did not include 
a control group, which clearly hampers robust conclusions 
on the effects of hypoxia exposure on glucose homeostasis 
and insulin sensitivity.

At the cellular level, findings on the effects of hypoxia 
exposure on glucose homeostasis are less conflicting. A 
potential mechanism by which hypoxia causes a decrease 
in blood glucose levels is by inducing a switch from aero-
bic to anaerobic metabolism, mediated by the hypoxia-
inducible factor (HIF)-1 system [10, 36]. Indeed, both 
hypoxia exposure and contraction (in vitro electrical 
pulse stimulation) have been demonstrated to improve 
insulin action and glucose metabolism in myotubes 
via activations of the HIF-1α pathway [37]. In addi-
tion, hypoxia and exercise induced an increase in the 
AMP/ATP ratio in soleus muscle of lean rats, thereby 
increasing insulin-independent glucose uptake through 
AMP-activated protein kinase activity [38]. Moreover, 
hypoxia increased the intracellular free  Ca2+ levels and 
subsequently calmodulin-dependent protein kinase, ulti-
mately enhancing insulin-independent glucose uptake 
[39]. Interestingly, synergistic effects of hypoxia expo-
sure and contraction have been demonstrated regarding 
stimulation of glucose transport in rat hindlimb muscle 
[40]. Furthermore, many experiments have demonstrated 
that changes in oxygen levels impact the functionality 
of (pre)adipocytes and immune cells, leading to altera-
tions in adipose tissue inflammation, lipid and glucose 
metabolism, as extensively reviewed elsewhere [10].

In conclusion, the results of the studies included in the present 
systematic review suggest that hypoxia exposure, either under 
resting conditions or during exercise, might provide a novel, 
non-pharmacological therapeutic strategy to improve glucose 
homeostasis in metabolically compromised individuals. More 
specific, passive hypoxia exposure seemed to improve glucose 
homeostasis, whereas hypoxic exercise training (2–8 weeks) 
appeared to have no additional/synergistic effects on glucose 
homeostasis compared to normoxia exposure. Importantly, 
however, more well-controlled RCTs with detailed metabolic 
phenotyping (i.e. measurement of tissue-specific insulin sensi-
tivity) are warranted before robust conclusions on the effects of 
hypoxia exposure on insulin sensitivity and glucose homeostasis 
can be drawn. In addition, it is important to investigate whether 
the metabolic effects of hypoxia exposure are age-specific or 
sex-specific, and depend on the severity, mode (passive hypoxia 
exposure or hypoxia exposure during exercise) and duration of 
hypoxia exposure, as well as medication use. Finally, a bet-
ter understanding of the mechanisms underlying the putative 
effects of hypoxia on glucose metabolism is needed, since this 
will contribute to the development and optimization of strategies 

to prevent and treat impairments in glucose homeostasis and 
related chronic diseases.
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