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ABSTRACT 

The aims of this study were to investigate the influ- 
ence of hypoxic physical exercise on metabolic risk 
markers and to compare the effects on maximum 
oxygen uptake (VO2max), arterial stiffness, and several 
blood parameters to a control group training under 
normoxic conditions. Eight healthy men were exam- 
ined. Each participant performed exercise at a heart 
rate (HR) corresponding to 60% of the HR at VO2max 
on a treadmill device for 50 min (including 5 min 
warm-up and 5 min cool-down) after 30 min rest, on 
3 days per week, for 4 weeks, in either normobaric 
hypoxia or normobaric normoxia. Each participant 
performed the exercise program under both envi- 
ronmental conditions with a wash-out period of 4 
months. Brachial ankle pulse wave velocity after 
training was significantly lower in the hypoxic group 
than in the normoxic group (P = 0.02). The VO2max in 
the hypoxic group was significantly higher after than 
before training (P = 0.04). Our results suggest that 
hypoxic training may more effectively reduce arterial 
stiffness and improve cardiorespiratory function com- 
pared with training performed at the same relative 
exercise intensity under normoxic conditions. 
 
Keywords: Metabolic Syndrome; Maximum Oxygen 
Uptake; Hypoxic Training; Arterial Stiffness 

1. INTRODUCTION 

Metabolic syndrome (MS) is a constellation of obesity, 
hyperglycemia, decreased high-density lipoprotein (HDL), 
increased triglyceride, and high blood pressure. Thus, 
MS represents a group of risk factors that increases the 
risk of heart disease and other health problems, such as 
diabetes mellitus (DM) and stroke [1]. The associations 
of these factors with each other and with health problems 
have been recognized for decades. The frequencies of 
these risk factors have clearly demonstrated that MS is 

common and has a rising prevalence worldwide, which 
relates largely to increasing obesity and sedentary life- 
styles [2], with different regions having individual clus- 
ters of epidemic risk factors [3]. As a result, MS is now 
in the spotlight as both a public health and a clinical 
problem. 

Physical activity is widely acknowledged to reduce the 
risk of cardiovascular disease in individuals with estab- 
lished disorders such as obesity, hypertension, DM, and 
hyperlipidemia [4-9]. Meanwhile, new alternatives for 
traditional altitude training regimes have been proposed, 
known as “living low and training high”, and the effects 
on endurance performance have been demonstrated ex- 
tensively in athletes [10-12]. Recently, several studies 
have reported the effects of hypoxia training on physical 
fitness not only in athletes but also in nonathletes [13-17]. 
In obese subjects, body weight was significantly de- 
creased in subjects with hypoxia training compared with 
that in subjects with normoxia training [14]. Recent 
studies have also reported that hypoxic training could 
more effectively reduce arterial stiffness in postmeno- 
pausal women compared with that in normoxic training 
[17]. However, although body weight changes during 
high-altitude mountain expeditions have been described 
in several studies for healthy subjects [18,19], there have 
been very few reports on hypoxic training effects under 
controlled experimental conditions. The purpose of this 
study was to investigate the influence of hypoxic physi- 
cal exercise on metabolic risk markers and to compare 
the effects on maximum oxygen uptake (VO2max), arterial 
stiffness, and several blood parameters related to MS to a 
control group training under normoxic conditions. 

2. MATERIALS AND METHOD 

2.1. Subjects 

Eight healthy men (age: 25.8 ± 7.8 years, height: 174.9 ± 
5.3 cm, weight: 71.4 ± 14.5 kg, body mass index [BMI]: 
23.4 ± 4.6 kg/m2) with no history of cardiopulmonary 
disease and no pathogenic conditions affecting the mus- 
culoskeletal or neuromuscular system volunteered to par-  *Corresponding author. 
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ticipate in this study. They were asked to continue with 
their customary diet/nutrition that they were following 
before the study. All subjects provided informed consent 
as required by the university institutional review board, 
which approved the study. 

Prior to the study, all subjects received a medical ex- 
amination, which included electrocardiography and echo- 
cardiography at rest. In all 8 subjects, spiroergometry 
was performed to determine the VO2max during exercise, 
and the training level for each study participant was set 
as 60% of the heart rate (HR) at VO2max. 

2.2. Study Parameters 

Study parameters were as follows: body weight, height, 
BMI, body fat, waist circumference, VO2max, ultrasono- 
graphic findings, arterial stiffness measurements, and 
findings of laboratory blood tests. The blood laboratory 
test included the following biochemical markers: total 
cholesterol (TCHO), HDL cholesterol, low-density lipo- 
protein (LDL) cholesterol, triglycerides (TG), fasting 
glucose, fasting insurin, and glycosylated hemoglobin 
(HbA1c). The homeostasis model assessment (HOMA) 
index of insulin resistance was also calculated from fast- 
ing insulin and glucose data with the following formula: 
insulin (uU/mL) × glucose (mg/dL)/22.5. Height, body- 
weight, body fat, and blood pressure were measured us- 
ing a regular medical scale. All study parameters were 
measured before and after the 4-week trial. 

2.3. VO2max Measurements 

VO2max was measured using the modified Astrand proto-
col [20]. Participants ran at 70% maximum HR for 3 min; 
the angle of the gradient was then increased by 2% every 
2 min until exhaustion. Using this protocol and a con- 
stant speed carries a slight risk of falling while running, 
but VO2max can be measured accurately within a short 
time. VO2 was recorded continuously using a “breath- 
by-breath” method, and HR was measured simultane- 
ously. In addition, ratings of perceived exertion during 
VO2max measurement were recorded every 2 min by a 
research investigator. 

2.4. Ultrasonographic Evaluation 

Ultrasound examination of the abdomen was performed 
by a board certified sonographer using a 6.0 - 14.0 MHz 
linear array probe (portable real-time apparatus: LOGIQ 
e; GE Healthcare Corp., Tokyo, Japan). Both preperito- 
neal and subcutaneous fat thicknesses were measured 
according to the criteria of Suzuki et al. [21]. Longitudi- 
nal scanning was performed along the linea alba from the 
xiphoid process to the umbilicus with the subject in a 
supine position. The probe was maintained to make con- 

tact as light as possible so as not to compress the fat layer. 
The maximum thickness of preperitoneal fat (Pmax), and 
the minimum and maximum thicknesses of subcutaneous 
fat (Smin and Smax, respectively), were measured. 

2.5. Arterial Stiffness Measurement 

Brachial ankle pulse wave velocity (PWV) and ankle 
brachial index (ABI), representing arterial stiffness, were 
measured noninvasively with subjects in the supine posi- 
tion and a form-I automated PWV/ABI analyzer (Colin 
co. Ltd., Komaki, Japan) attached to the 4 limbs [22]. 

2.6. Protocol 

This study consisted of a same-subject repeated-meas- 
ures design with the independent variable being the en- 
vironmental condition (normoxia or hypoxia) and several 
parameters related to MS and VO2max as the dependent 
variables. The examinations were conducted in a con- 
trolled environment with the temperature maintained at 
22˚C, and the 2 training programs with different envi- 
ronmental conditions were performed with a 4-month 
wash-out period. Each participant performed exercise at 
a HR that corresponded to 60% of the HR at VO2max on a 
treadmill device for 50 min (including 5 min warm-up 
and 5 min cool-down) after 30 min rest, on 3 days per 
week, for 4 weeks, in either normobaric hypoxia (15.4% 
O2, equivalent to 2500 m altitude) or normobaric nor- 
moxia (20.9% O2, the altitude at the study location). All 
subjects were required to rest for 30 min after the exer- 
cise session. During the exercise session, HR was moni- 
tored to ensure that exercise intensity never exceeded 
60% of the maximum HR. Subjects were questioned 
about the presence of the major symptoms of acute alti- 
tude sickness (headache, nausea, and weakness in the 
legs not usually experienced during exercise); SaO2 was 
also monitored for safety reasons. 

2.7. Statistical Analysis 

Results are presented as mean ± standard deviation (SD), 
and statistical significance was determined at P < 0.05. A 
two-way factorial analysis of variance (ANOVA) test 
was used to determine differences between several pa- 
rameters (2 × 2; normoxia/hypoxia × before/after train- 
ing). Tukey’s HSD test was applied to assess differences 
among multiple comparisons when ANOVA indicated a 
significant difference for a factor. The statistical program 
used for the calculations was IBM SPSS version 19.0 
(IBM SPSS, Chicago, IL). 

3. RESULTS 

Demographic and physiological baseline characteristics 
for both training groups are shown in Table 1. Before  
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Table 1. Subjects characteristics. 

Parameter Hypoxia Group Normoxia Group 

Men (n) 8 8 

Age (years) 25.8 ± 7.8 26.4 ± 7.7 

Height (cm) 174.9 ± 5.3 174.9 ± 5.3 

Weight (kg) 71.4 ± 14.5 70.9 ± 13.3 

BMI (kg/m2) 23.4 ± 4.6 23.2 ± 4.3 

Body fat (%) 20.0 ± 8.3 19.9 ± 8.1 

training, no significant differences in any values were 
identified between groups. Measurements for several 
parameters according to group and before/after training 
are shown in Table 2. Significant interactions were ob- 
served for the ABI [F(1, 7) = 7.88, P = 0.03]. No sig- 
nificant main effects or interactions were observed for 
body weight, BMI, body fat, waist circumference, Smin, 
Pmax, and laboratory parameters. Despite no significant 
main effects among the groups, a significant main effect 
for before/after training was observed for Smax [F(1, 7) = 
7.99, P = 0.03] and VO2max [F(1, 7) = 18.99, P <  

 
Table 2. Physical and laboratory parameters of the subjects before and after training. 

Training Two-way ANOVA (F-value) 
Parameter Group 

Before After Group Training Interaction
Post hoc test (Tukey’s HSD) 

Weight, kg 
Normoxia
Hypoxia

70.9 ± 13.3 
71.4 ± 14.5 

70.6 ± 12.8 
70.5 ± 13.5 

0.01 1.10 0.30 NS 

Body fat, % 
Normoxia
Hypoxia

19.9 ± 8.1 
20.0 ± 8.3 

20.2 ± 7.7 
18.8 ± 7.9 

0.74 1.14 4.40 NS 

Waist circumference, cm 
Normoxia
Hypoxia

82.4 ± 13.6 
83.0 ± 14.7 

81.6 ± 12.4 
80.8 ± 13.4 

0.01 2.86 1.39 NS 

BMI, kg/m2 
Normoxia
Hypoxia

23.2 ± 4.3 
23.4 ± 4.6 

23.1 ± 4.2 
23.1 ± 4.4 

0.04 1.44 0.30 NS 

Smin, mm 
Normoxia
Hypoxia

0.8 ± 0.7 
0.7 ± 0.5 

0.7 ± 0.7 
0.6 ± 0.5 

1.73 2.01 0.27 NS 

Pmax, mm 
Normoxia
Hypoxia

1.2 ± 0.6 
1.2 ± 0.6 

1.1 ± 0.5 
1.1 ± 0.6 

0.003 3.37 0.88 NS 

0.23 7.99 0.11 
Smax, mm 

Normoxia
Hypoxia

1.7 ± 1.1 
1.7 ± 1.1 

1.6 ± 1.1 
1.7 ± 1.0 (P = 0.03) 

NS 

4.79 1.59 7.88 
ABI 

Normoxia
Hypoxia

1.02 ± 0.08 
1.02 ± 0.06 

1.08 ± 0.06 
1.01 ± 0.02 (P = 0.03) 

After training: Hypoxia < Normoxia
(P = 0.02) 

8.43 0.08 3.34 
PWV, cm/s 

Normoxia
Hypoxia

1149.9 ± 153.1 
1100.1 ± 174.8 

1188.4 ± 148.0 
1047.1 ± 173.1 (P = 0.02) 

After training: Hypoxia < Normoxia
(P = 0.02) 

0.09 18.99 3.54 
VO2max, mL/kg/min 

Normoxia
Hypoxia

53.3 ± 8.4 
50.0 ± 8.9 

54.9 ± 10.3 
57.6 ± 9.2 (P < 0.001) 

Hypoxia: Before < After training 
(P = 0.04) 

Glucose, mg/dL 
Normoxia
Hypoxia

92.4 ± 11.4 
95.9 ± 13.7 

92.8 ± 10.8 
97.3 ± 14.0 

0.83 0.06 0.04 NS 

Insulin, uU/mL 
Normoxia
Hypoxia

4.5 ± 1.5 
13.7 ± 15.0 

3.7 ± 1.3 
7.0 ± 5.1 

2.42 0.94 0.76 NS 

HOMA-R 
Normoxia
Hypoxia

1.2 ± 0.6 
3.7 ± 4.6 

0.8 ± 0.4 
1.8 ± 1.5 

3.82 1.34 0.72 NS 

TG, mg/dL 
Normoxia
Hypoxia

112.9 ± 54.3 
147.3 ± 156.2 

91.1 ± 57.6 
96.9 ± 70.6 

0.68 3.82 0.33 NS 

TCHO, mg/dL 
Normoxia
Hypoxia

182.9 ± 30.9 
176.4 ± 26.3 

176.0 ± 28.6 
176.4 ± 29.7 

0.19 0.87 1.03 NS 

HDL, mg/dL 
Normoxia
Hypoxia

50.9 ± 13.0 
50.1 ± 13.3 

55.5 ± 11.3 
53.6 ± 9.4 

1.52 5.13 0.11 NS 

LDL, mg/dL 
Normoxia
Hypoxia

107.6 ± 30.7 
102.9 ± 23.4 

102.1 ± 30.1 
105.6 ± 30.3 

0.01 0.27 1.28 NS 

BMI: Body mass index, Smin: minimum thickness of subcutaneous fat; Pmax: Maximum thickness of preperitoneal fat; Smax: Maximum thickness of subcutaneous 
fat; ABI: Ankle brachial index; PWV: Brachial ankle pulse wave velocity; VO2max: Maximum oxygen uptake; HOMA: Homeostasis model assessment; TG: 
Triglycerides; TCHO: Total cholesterol; HDL: High-density lipoprotein cholesterol; LDL: Low-density lipoprotein cholesterol; TG: Triglycerides; NS: Not 
significant. 
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0.001]. For PWV, significant main effect for the groups 
were observed [F(1, 7) = 8.43, P = 0.02]. 

Subsequently, the PWV after training was signify- 
cantly lower in the hypoxic group than in the normoxic 
group (P = 0.02, Figure 1). The VO2max in the hypoxic 
group was significantly higher after training than before 
training (P = 0.04, Figure 2). 

4. DISCUSSION 

The present study concerns the influence of hypoxic 
physical exercise on metabolic risk markers, VO2max, and 
arterial stiffness in healthy subjects and, to our knowl- 
edge, is the first study with a same-subject repeated- 
measures design in controlled laboratory conditions. Al- 
though there were no effects on MS-related blood-test 
markers such as glucose and lipid parameters, we found 
a significant decrease in PWV, and a significant increase 
in VO2max. Our results suggest regular hypoxic exercise 
is not only associated with cardiorespiratory improve- 
ment but also prevention of arteriosclerosis. 

Among patients with DM, increased physical activity 
or cardiorespiratory endurance capability is associated 
with substantially reduced risk of cardiovascular events 
[23-25]. A recent study demonstrated that higher levels 
of cardiorespiratory fitness protect against MS in older 
individuals [26]. Kumagai et al. [27] reported a high de- 
gree of cardiorespiratory fitness positively contributed to  

 

 

Figure 1. Changes in PWV before/after training in both nor-
moxic and hypoxic groups. *P < 0.05. 

 

Figure 2. Changes in VO2max before/after training in both Nor- 
moxic and Hypoxic groups. *P < 0.05. 

 
the low prevalence of MS in patients with impaired glu- 
cose tolerance and type 2 DM. VO2max is commonly used 
in exercise testing to assess an individual’s endurance 
capacity. Lakka et al. [28] investigated associations of 
recreational physical activity and cardiorespiratory fit- 
ness with MS the associations of VO2max with the com- 
ponents of MS were stronger than those of physical ac- 
tivity. They emphasized that metabolic disorders may be 
suppressed by regular physical activity and maintenance 
of high VO2max values. Our results indicate that VO2max 
after 4 weeks of regular training increased significantly 
under the hypoxic condition compared with the normoxic 
condition; therefore, hypoxic training effected improve- 
ment of cardiorespiratory function. However, several in- 
vestigators found unremarkable effects of hypoxic train- 
ing on VO2max in nonathletes. Wiesner et al. [15] evalu- 
ated the influence of normobaric hypoxia training on 
physical fitness in obese subjects; hypoxic exposure term 
was 60 min. Meanwhile, in 10-hour simulated altitude 
conditions of 3000 m overnight, a significant increase in 
VO2max was observed in the altitude group compared 
with the control [29]. Thus, we hypothesized that im- 
provement of cardiorespiratory function was affected not 
only by exercise intensity but also by hypoxic exposure 
term. 

The development of atherosclerosis increases the in- 
cidence of cardiovascular events such as heart attack or  
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stroke. Hirai et al. [30] have shown strong associations 
between aortic stiffness and the degree of coronary artery 
disease, and similar associations have been reported be- 
tween PWV and independently assessed cardiovascular 
risk scores [31]. PWV is generally assessed by measure- 
ing the time that the pulse wave takes to travel a given 
distance along the blood vessel; thus, it is an objective 
measurement of atherosclerosis. Nishiwaki et al. [17] 
demonstrated a significant increase in the percentage of 
flow-mediated vasodilation and a significant reduction in 
PWV after training in the hypoxic group in postmeno- 
pausal women. Their results indicate that hypoxic train- 
ing may induce vascular functional adaptation. Our re- 
sults also showed that PWV was significantly decreased 
in the post-hypoxic-training group compared with that in 
the normoxic-training group; these findings are in agree- 
ment with those previously reported. Meanwhile, reduced 
percentage of body fat, and values of laboratory parame- 
ters considered metabolic risk markers, were not ob- 
served after training. Several authors have investigated 
whether hypoxic training can induce MS-related marker 
reduction [13-15]. Netzer et al. [14] found no significant 
effect on lipids and HbA1c after normobaric hypoxic 
training (15 Vol% O2) using a low intensity physical 
exercise (60% VO2max), which resembled our study. Wi- 
esner et al. [15] also investigated the hypoxic training 
effect on MS risk markers in obese subjects; their results 
showed no significant influence on blood pressure or 
LDL cholesterol. Our findings are also in agreement with 
previous studies that examined the effect of hypoxic 
training on MS risk markers. However, a few studies 
have reported decreased TG or insulin after short-term 
regular hypoxic training [13,15]. Further study with lar- 
ger numbers of participants is needed for confirmation. 

Our study has several limitations. First, the subjects 
were healthy young men, and our study did not include 
patients with metabolic disorders. Hence, we did not 
evaluate the pathological process and potential reduction 
of MS risk markers during regular hypoxic training. 
Second, the number of subjects was small, and our study 
design included before/after measurements with a control 
not a crossover study design. Third, the training duration 
was only 4 weeks; such short-term study does not pro- 
vide information about long-term cardiorespiratory ef- 
fects. To validate our findings, further studies are war- 
ranted with a larger number of participants and long-term 
monitoring using a crossover design. Further investiga- 
tion is needed to confirm whether hypoxic training is 
related to MS risk marker reduction. 

5. CONCLUSION 

We found significant decreases in preperitoneal fat and 
PWV, and a significant increase in VO2max, in the hy- 
poxic group compared with the normoxic group. Our 

results suggest that regular hypoxic training may more 
effectively reduce arterial stiffness and improve cardio- 
respiratory parameters compared with training performed 
at the same relative exercise intensity under normoxic 
conditions. 
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