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Abstract

Background Physical activity improves insulin sensitivity in obesity. Hypoxia training is claimed to augment this effect. We
tested the hypothesis that normobaric hypoxia training would improve insulin sensitivity in obese patients with metabolic
syndrome.

Methods In a randomized controlled trial, 23 obese men with metabolic syndrome who were not informed of the FiO,
conditions underwent a 6-week physical exercise intervention under ambient (n = 11; FiO, 21%) conditions or hypoxia (n =
12; FiO, 15%) using a normobaric hypoxic chamber. Three 60-min sessions of interval training were performed each week
at 60% of individual VO,,,. Assessment of myocellular insulin sensitivity by euglycemic hyperinsulinemic clamp was
performed in 21 of these subjects before and after 6 weeks of training. Comprehensive phenotyping also included biopsies of
subcutaneous adipose tissues.

Results The intermittent moderate physical exercise protocol did not substantially change the myocellular insulin sensitivity
within 6 weeks under normoxic conditions (ISI¢jamp: 0.035 (IQR 0.016-0.075) vs. 0.037 (IQR 0.026-0.056) mg* kg*1 *min~"/
(mU*17Y; p=0.767). In contrast, ISI¢iamp improved during hypoxia training (0.028 (IQR 0.018-0.035) vs. 0.038 (IQR
0.024-0.060) mg * kg~ ' *min~/(mU *1"!); p <0.05). Between group comparison of ISIciamp change revealed a small dif-
ference between groups (Cohen's d = 0.26). Within the hypoxic group, improvement of ISl¢y,y, during training was associated
with individual increase of circulating vascular endothelial growth factor (VEGF) levels (r = 0.678, p = 0.015), even if mean
VEGEF levels were not modified by any training condition. Atrial natriuretic peptide (ANP) system components were not
associated with increased ISI¢jamp during hypoxic training.

Conclusions Physical training under hypoxic conditions could partially augment the favorable effects of exercise alone on
myocellular insulin sensitivity in obese men with metabolic syndrome. Concomitant changes in VEGF might represent an
underlying pathophysiological mechanism.

Supplementary information The online version of this article (https://
doi.org/10.1038/s41366-019-0504-z) contains supplementary material,
which is available to authorized users.
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Background

Insulin resistance, hallmark of the metabolic syndrome in
obesity, increases the risk to develop diabetes mellitus and
cardiovascular disease [1, 2]. Weight loss and increased
physical activity ameliorate insulin sensitivity [3-6]; how-
ever, both are difficult to achieve in daily practice [7]. Even
center-based exercise programs have no long-term effect on
physical activity in a primary care setting [8]. Therefore,
alternative approaches are necessary. High-intensity interval
training might have utility. In contrast to moderate con-
tinuous training, comparable bouts of high-intensity interval
training thrice weekly improved insulin sensitivity within
16 weeks [9]. However, this type of exercise may not be
suitable for many patients with obesity and metabolic syn-
drome. Normobaric hypoxia training is frequently used in
athletes to enhance exercise performance [10, 11] and might
benefit metabolism. A preliminary randomized controlled
trial from our group revealed improved body fat content,
reduced triacyglycerol levels, and improved homeostatic
model-assessment for insulin resistance (HOMA-IR),
already after 4 weeks in healthy volunteers [12]. A follow-
up randomized controlled trial in healthy overweight and
obese subjects further supported our optimism [13]. Inter-
estingly, this effect was achieved at a lower workload
compared to normoxia. However, these studies did not
include patients with the metabolic syndrome and relied
solely on HOMA-IR. This estimate does not reflect myo-
cellular insulin sensitivity, which is a crucial regulator of
glucose disposal during exercise.

Now, we report on a third randomized controlled trial in
obese subjects who also suffered from metabolic syndrome.
First data demonstrated that exercise had overriding effects
on lowering blood pressure, improving lipid profiles, energy
expenditure (EE), and performance, independent of hypoxia
[14]. However, the effect on metabolic function of skeletal
muscle is still unknown. Here, we aimed to specifically
analyze the impact of hypoxic moderate-intensity training on
myocellular insulin sensitivity, a secondary endpoint in our
study. Measurement of myocellular insulin sensitivity was
performed in a subgroup of those subjects using hyper-
insulinemic euglycemic clamp as the gold standard method.

Despite the known effects of exercise and hypoxia on
gene hypoxia inducible factor 1 (HIF-1) expression
[15, 16], no such hypoxia-specific effect was seen
regarding mRNA expression of known target genes in
skeletal muscle [14]. Given the well-known interaction of
hypoxia and physical activity on vascular endothelial
growth factor (VEGF) [17, 18] as well as the atrial
natriuretic peptid (ANP) [19-21], both also strongly
regulated by adipose tissue, we further analyzed if those
hormonal systems are involved in effects of hypoxic
training on insulin sensitivity. Such a mechanism would
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further underscore the assumed impact of adipose tissue
on myocellular insulin sensitivity.

Methods
Participants

We performed a prospective, randomized controlled trial in
our clinical research unit. In total, 23 men between 18 and
70 years characterized by a body mass index (BMI)
between 27 and 40kgm > and a metabolic syndrome
according to the NCEP ATP III definition [22] were
enrolled in the entire study. However, only 21 of these
subjects underwent euglycemic hyperinsulinemic clamp
before and after training intervention. Only these subjects
were included in all current analyses (Fig. 1).

All participants were initially screened for any systemic
disease or biochemical evidence of severe hepatic or renal
dysfunction, for serious health problems and current medi-
cation. The subjects were advised to continue their current
diets and physical activity level aside from our protocol
throughout the study. The study protocols were approved by
the Institutional Review Board of the Charité Medical
School and all subjects gave written informed consent.

Study design

Participants were randomized to a moderate-intensity 6-
week endurance exercise training thrice weekly under either
normoxic (21% O,) or hypoxic (15% O,) normobaric
conditions. For allocation, a computer-generated list of
random numbers was used according to SPSS 18 (SPSS,
Inc., Chicago, IL, USA) statistical software with a 1:1
allocation using random block sizes of 2, 4, and 6. The
participants, but not the person who supervised the training,
were otherwise unaware of the training conditions. Pheno-
typing as well as intervention procedure were performed by
a medical doctor and study nurses.

Phenotyping

Patients underwent a detailed evaluation of -cardior-
espiratory and metabolic function on three consecutive days
at 8:00 AM after a 12-h overnight fast. This was performed
before and after the 6-week training program at the
Experimental and Clinical Research Center at the Charité
Medical School. Patients were asked to abstain from (1) any
kind of physical activity, (2) caffeine and alcohol containing
beverages, and (3) from smoking at the day before the
phenotyping. Body composition was assessed by air dis-
placement plethysmography (BodPod, COSMED Deutsch-
land GmbH, Fridolfing, Germany).
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Fig. 1 Flow chart of the
randomized controlled trial.

Assessed for eligibility (n=46)

Excluded (n=21)
+ Not meeting inclusion criteria (n=21)

Randomized (n=25)

.

A4

Allocated to normoxic group (n=12)

+ Received allocated intervention (n=11)
+ Discontinued intervention due to acute

A4

Allocated to hypoxic group (n=13)

+ Received allocated intervention (n=12)
+ Did not start intervention due to

illness (n=1)

personal reasons (n=1)

A 4

performed (n=9)

Euglycemic hyperinsulinemic clamp was

Euglycemic hyperinsulinemic clamp was
performed (n=12)

Analyzed (n=9)

Analyzed (n=12)

On day one, an oral glucose load was performed [14]. On
day two, patients arrived again at 8:00 AM after a 12-h
overnight fast in our study center. Then, patients were
placed in our metabolic chamber in order to monitor VO,
consumption and VCO, production at rest (30 min) to
assess resting EE and during moderate bicycle exercise
(60 min) on a bicycle ergometer (VIASprint 150P, Ergoline,
Bitz, Germany). This chamber is a comfortable, airtight
room (width: 2.5 m, depth: 2.0 m, height: 2.2 m; 11 m3) that
is constantly supplied with fresh air like an open-circuit
indirect calorimeter. This bicycle exercise session, required
to monitor VO, consumption and VCO, production, was
performed at a pre-defined workload of 50% calculated
VOymax followed by a 40-min recovery period. Measured
VO, consumption and VCO, production were used to cal-
culate resting and exercise activity EE and respiratory
exchange ratio (RER = VCO,/VO,). During exercise, heart
rate and O,-saturation were continuously monitored and
rates of perceived exertion on a 10-point scale were recor-
ded every 10min. After this exercise session within the
metabolic chamber, patients had a 2-h lunch break. Then,
cardiorespiratory fitness (VOopy) Was directly determined
by an incremental cycle ergometer test (Sana cardio 250 SE,
Ergosana, Germany) until exhaustion. The test started with
a 1-min rest to determine baseline parameters followed by a
2-min warm-up (20 W). Initial exercise workload was set to
25 W followed by a stepwise increase of 25 W every 3 min
until subjective exhaustion or meeting discontinuation cri-
teria. After exhaustion, there was a 5-min recovery period

without workload. During the test, breath-by-breath gas
exchange and an electrocardiogram were recorded (Quark
RMR, COSMED Deutschland GmbH, Fridolfing, Ger-
many), and at the end of every increment, blood samples
were taken from an earlobe in order to analyze lactate.

On day three, abdominal subcutaneous tissue biopsies
(app. 2.0g) were obtained by needle biopsies from the
periumbilical region using an aspiration through a conven-
tional 12 G needle. After anesthetization of skin with 1%
lidocaine without epinephrine, a skin incision (3—4 mm)
was made and biopsies were obtained. Fat samples were
snap-frozen in liquid nitrogen and stored at —80 °C until
further analysis.

Hyperinsulinemic euglycemic clamps were performed in
fasting state before and after the exercise protocols (1.0
(IQR 1.0-1.0) day after the last exercise session) as
described previously [23, 24]. In brief, 40 mIU *m ™2 *min "
human insulin (Actrapid®, Novo Nordisk, Bagsvaard, Den-
mark) and a variable infusion of 10% glucose (Serag
Wiessner, Naila, Germany) was used. Capillary glucose
concentration was monitored every 5 min and was main-
tained between 4.0 and 4.9 mmol* 1”! via variation of the
glucose infusion rate (GIR). Blood samples were collected
before the clamp and at least 2h after starting the clamp
during steady-state conditions. Blood samples were cen-
trifuged, and plasma and serum samples were frozen
immediately at —80 °C. Skeletal muscle insulin sensitivity,
predefined as a secondary endpoint, was assessed by
dividing the average GIR (mg glucose *min~") during the
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steady state of the clamp by the body weight (M-value). The
insulin sensitivity index (ISI¢jamp) Was calculated as ratio of
glucose metabolized during the steady-state period (M-
value) to mean serum insulin concentration (/, mU *17) in
this period of the euglycemic clamp. Whole-body insulin
sensitivity was assessed by HOMA-IR, which was calcu-
lated as previously described [25]. Changes of BMI, fat
mass (FM), workload (WL), HOMA-IR, ISlciymp, mid-
regional pro-atrial natriuretic peptide (MR-proANP) as well
as NPR-A (natriuretic peptide receptor-A) and NPR-C
mRNA expression were expressed as percent change from
baseline and defined as ABMI, AFM, AWL, AHOMA-IR,
AlSIciump, AMR-proANP, ANPR-A, and ANPR-C,
respectively.

All cardiac MR scans were performed on a clinical 1.5
Tesla MR scanner (Avanto, Siemens Medical Solutions
AG, Erlangen, Germany) using a 12-channel cardiac array
coil. We performed cine imaging with a standard steady-
state free precession sequence to assess cardiac structure
and function. We acquired three long axes and a complete
short-axis package covering the left ventricle from base to
apex during repetitive breath holds in end-expiration [26].

Training intervention

Patients completed a moderate-intensity, aerobic exercise
program over 6-weeks/thrice a week on a motorized
treadmill (mercury 4.0, h/p/cosmos sports & medical
GmbH, Germany) at 50-60% of their individual maximal
heart rate, which was determined in the incremental cycle
ergometer test. Corresponding training workload (WLy)
was assessed during each session. One training session
lasted 60 min with three intervals of 15 min walking on the
treadmill and a 5-min break for recovery. The intervention
group trained under normobaric hypoxia (15% FiO,)
simulating an altitude of 2500 m, while the control group
trained under normobaric normoxia (21% FiO,). Individual
training heart rate was adjusted by changing treadmill slope
and/or pace by the supervisor and was—similarly to the O,
saturation—monitored continuously throughout the entire
session. All participants were advised to continue their diet
during the entire study.

All trainings sessions took place in a normobaric hypoxia
chamber (11 m?, 38 m?, Linde AG, Berlin, Germany). The
oxygen content within the chamber was reduced by mixing
the incoming air with nitrogen. Throughout the trainings
sessions, O, and CO, concentrations were controlled by two
independent sensors each (HTK, Hamburg, Germany).
Depending on the measured gas concentrations, the inflow
of fresh air and nitrogen was automatically adjusted by the
system.
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Laboratory tests

Capillary blood glucose was measured using the glucose
oxidase method (Dr. Miiller Super GL, Freital, Germany).
Lipids were measured by standard laboratory methods.
Serum  insulin  was  measured using electro-
chemiluminescence immunoassay (Cobas €602 Analyzer;
Roche Diagnostics, Mannheim, Germany) (inter-assay
coefficient of variation (CV) 0.9-1.5%, intra-assay CV
3.4-4.9%). Mid-region pro ANP was analyzed using a
commercial fluoroimmunoassay (BRAHMS MR-pro ANP
KRYPTOR; BRAHMS Thermo Fisher) (inter-assay CV <
6.5%, intra-assay CV <2.5%). Plasma VEGF was measured
by commercial ELISA (R&D Systems, UK).

Tissue preparation and real-time quantitative
polymerase chain reaction

Frozen tissue was homogenized and total RNA was isolated
according to the manufacturer's instructions of SV Total
RNA Isolation (Promega, Mannheim, Germany). RNA
samples were stored at —80 °C until assayed.

Complementary DNA (cDNA) synthesis was done
according to manufacturer's manual (High Capacity RNA-
tocDNA Kit; Applied Biosystems, Foster City, CA). Sam-
ples were analyzed in triplicate with Power SYBR Green
PCR Master Mix (Applied Biosystems). Real-time quanti-
tative polymerase chain reaction was performed using an
ABI PRISM 7300 System (using SDS 1.4 system software,
Applied Biosystems). The expression level of cyclophyllin
A was used as an internal control. Primer sequences of
analyzed genes are presented in Table S1 of the supple-
mental data. Cycle threshold values were used to calculate
the amount of amplified polymerase chain reaction product
in comparison to the housekeeping gene cyclophyllin A.
The relative amounts of each transcript were analyzed using
the 22" method.

Statistics

Statistical procedures were performed using SPSS version
22.0 (SPSS Inc., Chicago, IL, USA) and R statistics pack-
age (version 3.0.1). Skeletal muscle insulin sensitivity was
analyzed as a predefined secondary endpoint. Data are
presented as median and limits of the interquartile range
(IQR: 25th—75th percentile) unless stated otherwise. Para-
meters were compared between normoxic and hypoxic
patient groups using Mann—Whitney U test and within
patient groups to compare levels before and after 6 weeks of
intervention with Wilcoxon signed rank test. Correlations
between metric variables were assessed by Spearman's rank
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correlation coefficient partially with adjustment for AFM as
mentioned within the results. This is an exploratory analy-
sis, all tests have been two-sided and no further adjustment
for multiple comparisons has been done.

Results

Demographic and anthropometric data of our subjects are
given in Table 1. The participants were middle-aged, obese,
untrained men characterized by the typical findings of
metabolic syndrome and an impaired whole-body and
myocellular insulin sensitivity. The groups were well mat-
ched for age, BMI, lipid levels, ISlcjyyp, and maximal
workload (WL,,,x) before the training period. Only systolic
blood pressure was slightly higher in the hypoxic-training
group. At baseline, we observed as expected a moderate
correlation of myocellular insulin sensitivity with estimates
of obesity (FM: r=—0.528, p=0.014 and BMIL: r=
—0.541, p=0.011). Even though we observed the known
relationship between MR-proANP and age (r = 0.555, p =
0.009) and between MR-proANP and FM (r=0.673, p =
0.001), the baseline 1SI¢j,y, Was not significantly correlated

with circulating MR-proANP level, which might be caused
by limited sample size.

In accordance to our previous report of the entire patient
group of this randomized controlled trial [14], we observed
an improvement of several lipid parameters in both treat-
ment groups, whereas relative FM was not changed by any
intervention (Table S2). As expected, hypoxic training was
associated with a stronger reduction of SpO, before (—7.7
(IQR —8.7—(—6.5)) vs. —1.0 (IQR —3.1-0.5) %; p = 0.001)
as well as after the 6-week training period (—7.3 (IQR —9.9-
(=5.7)) vs. —1.0 (IQR —3.1-(—0.5)) %; p=6.6x10"%.
Training workload (WL7) of the subjects of the normoxic
group was significantly increased after the training period,
while this was not observed during hypoxic training (Table
S2). Despite unchanged workload, 6 weeks of hypoxic
training induced a substantial improvement of myocellular
insulin sensitivity, whereas no effect could be observed
under normoxic condition although workload did slightly
increase within this group (Fig. 2). The between-group
comparison did not reach level of significance
(difference of means over time 0.009 mg *kg~'*min~'/
(mU *17"), 95%CI [—0.006-0.023]; p = 0.422) and showed
a small standardized effect size (Cohen's d=0.26). In

Table 1 Anthropometric and

metabolic parameters of the 21 Parameter Hypoxia (n = 12) Normoxia (n =9) p Value®
participants. Median (IQR) Median (IQR)
Age (yr) 57.0 (52.3-62.5) 58.0 (49.5-65.0) 0.862
BMI (kg *m2) 335 (31.9-40.7) 34.2 (32.1-37.2) 0.917
Waist circumference (cm) 118 (111-128) 121 (113-124) 0.917
Waist-to-hip ratio 1.05 (1.01-1.10) 1.03 (1.01-1.06) 0.345
Fat mass (%) 34.9 (32.2-42.3) 35.9 (32.8-40.7) 0.702
Lean body mass (%) 65.2 (57.7-67.8) 64.1 (59.4-67.2) 0.702
Systolic blood pressure (mmHg) 149 (143-152) 128 (124-140) 0.028
Diastolic blood pressure (mmHg) 81 (77-89) 83 (73-89) 0.808
Total cholesterol (mg *dl™") 226.5 (199.8-267.8) 216.0 (184.0-239.0) 0.310
LDL cholesterol (mg *dl™") 140.5 (112.5-165.3) 131.0 (92.0-163.5) 0.602
HDL cholesterol (mg *dl™") 49.5 (38.0-59.3) 42.0 (36.5-48.5) 0.277
Triacylglycerol (mg *dl™") 153.5 (104.3-253.8)  206.0 (178.5-268.5) 0.148
HOMA-IR 4.0 (2.7-9.3) 4.6 (2.6-7.2) 0.778
ISIciamp (Mg #kg~!#min~/(mU *L~Y))  0.028 (0.018-0.034) 0.035 (0.016-0.075)  0.651
HbAlc (%) 5.7 (5.4-6.1) 5.5 (5.3-6.1) 0.702
Resting energy expenditure (kcal *d~') 2033 (1878-2112) 2159 (2018-2237)  0.169
Respiratory coefficient 0.78 (0.73-0.81) 0.77 (0.75-0.80) 0.395
VOsmax (ml *min~! *kg™") 22.0 (20.3-23.4) 227 (16.8-26.1) 0.892
Maximal workload (W) 150 (131-169) 163 (125-175) 0.792
Ejection fraction (%) 62.0 (59.3-70.2) 584 (52.4-62.3) 0.214
Endsystolic volume (ml) 64.9 (48.2-77.1) 65.0 (59.1-72.8) 0.933
Enddiastolic volume (ml) 180.6 (159.0-192.5) 154.5 (153.1-158.3)  0.570

Results are presented as median and interquartile range (IQR)

“Mann-Whitney U test
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contrast, whole-body insulin sensitivity, assessed by
HOMA-IR before and after 6 weeks of training, was similar
for normoxic (4.6 (IQR 2.6-7.2) vs. 3.4 (IQR 1.9-5.7); p =
0.484) and hypoxic training (4.0 (IQR 2.7-9.3) vs. 3.9 (IQR
2.0-7.0); p = 0.859).

Circulating MR-proANP and VEGF levels, as well as
adipose mRNA expression of NPR-A and NPR-C, did not
significantly change with any type of training (Table 2).
However, the balance between NPR-A and NPR-C recep-
tor, which might reflect ANP efficacy, was increased during
normoxic training (Fig. 3). In contrast, hypoxic training
resulted in a reduction of adipose VEGF mRNA expression
by trend (Table 2). Interestingly, training-induced indivi-
dual changes of plasma VEGF were positively correlated
with concomitant changes of adipose VEGF mRNA
expression during hypoxia (r = 0.709; p = 0.015) (Fig. S1).
This was not seen during normoxia.

p=n.s. p <0.05
= — 1
| .
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©
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Fig. 2 ISI¢jamp before and after a moderate 6-week training under
either normobaric normoxic (7 =9) or hypoxic (n =12) condi-
tions. Data are given as median with limits of the interquartile range.
Wilcoxon signed rank test.

Improvement of ISIcym, Was associated with individual
changes of circulating VEGF level during hypoxic training
(Fig. 4), while this was not the case for subjects of the
normoxic group. In contrast, changes in MR-proANP in
normoxic (r=0.700, p =0.036) but not in hypoxic group
(r=0.343, p=0.276) were significantly correlated with
training induced effects on myocellular insulin sensitivity.
Given the fact that circulating MR-proANP levels were
strongly associated with FM at baseline, we adjusted this
analysis to AFM during the training. Thereby, the moderate
to strong correlation of MR-proANP and ISI¢jamp could be
confirmed in subjects trained under normoxic condition (r
=0.820, p =0.013), but was weak and not significant in the
hypoxic group, also after adjustment for AFM (r = 0.451, p
=0.164).

Discussion

Despite the beneficial effect of increased physical activity
on cardiovascular risk markers, the number of subjects
participating in physical training is limited [27] and current
strategies cannot sufficiently increase the amount of phy-
sical activity in subjects at metabolic and cardiovascular
risk [7]. Thus, we aimed to introduce an alternative
approach based on normobaric hypoxia training as an
augmentation of exercise. We were encouraged by our
findings in normal persons [12] and healthy obese subjects
[13]. Although the overall effect of moderate-intensity
training in normobaric hypoxia was less than we had hoped
in our obese subjects with metabolic syndrome [14], the
results reported here may suggest some utility for such a
training in terms of improving myocellular insulin resis-
tance. Activation of muscular function during physical
activity plays a crucial role in exercise-induced changes of
metabolism. Hypoxia seems to represent a potential strategy
to ameliorate this effect, even though the training intensity
is too low to affect glucose disposal in skeletal muscle by its
own in normoxia. While we could detect a significant effect

Table 2 Effects of normoxic and hypoxic training on estimates of ANP and VEGF system.

Parameter Hypoxia (n = 12) Normoxia (n=9)

Before After Before After

Median (IQR) Median (IQR) Median (IQR) Median (IQR)
MR-proANP (pmol *171) 57.5 (38.8-70.3) 60.0 (35.5-88.8) 64.0 (48.5-79.5) 60.0 (50.5-74.0)
VEGF (pg *ml™") 249.8 (203.9407.1) 2474 (188.6-434.2) 262.5 (157.7-405.3)  287.7 (176.2-374.6)
Adipose NPR-A mRNA expression 0.081 (0.035-0.144) 0.080 (0.044-0.112) 0.048 (0.039-0.116)  0.091 (0.049-0.177)
Adipose NPR-C mRNA expression 0.027 (0.017-0.049) 0.022 (0.013-0.034) 0.021 (0.013-0.061) 0.024 (0.012-0.048)
Adipose VEGF mRNA expression  0.018 (0.009-0.044) 0.007*  (0.005-0.019) 0.007 (0.003-0.008) 0.009 (0.004-0.027)

Results are presented as median and interquartile range (IQR). mRNA expression was expressed as arbitrary units (AU)

*p =0.05 vs. baseline before training period; Wilcoxon signed rank test

SPRINGER NATURE
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Fig. 3 Adipose NPR-A/NPR-C ratio before and after a moderate 6-
week training under either normobaric normoxic (n =9) or
hypoxic conditions (n = 12). Data are given as median with limits of
the interquartile range. Wilcoxon signed rank test.
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Fig. 4 Correlation of training-induced changes of plasma VEGF and
ISI¢iamp under hypoxic (n = 12) conditions.

within the hypoxic group, the between-group comparison
failed to achieve significance. This might be driven by the
small effect size of 0.26 as well as the limited sample size
for this secondary analysis. Interestingly a very recent trial
also analyzed the effect of hypoxic training on myocellular
insulin sensitivity in slightly older male and female sub-
jects. Although these subjects were not necessarily char-
acterized by metabolic syndrome and the training intensity
was somewhat higher as used in our training protocol, this
study revealed a comparable finding [28]. Given the esti-
mated effects size, our observation reflects a notable phy-
siologic improvement. Although this was smaller than the
dramatic increase of myocellular insulin sensitivity reported
after 3 months of substantial weight loss in obese subjects
[29], we believe these data indicate a relevant effect and
further studies including a higher sample size are clearly
warranted. Moreover, our data indicate a tissue-specific

effect, as fasting lipid parameters and HOMA-IR, both are
strongly regulated by hepatic metabolism, were not further
improved by changing the partial pressure of oxygen (PaO,)
to conditions similar to ~2500 m above sea level as found in
Denver, CO, USA, or the lower Alps in Europe.

The underlying mechanism might involve different
pathways. Local hypoxia, induced by acute exercise, is
known to enhance HIF-la signaling [30]. However,
hypoxic training conditions do not mandatory modify
exercise-induced effect on muscular HIF-la expression,
neither after acute exercise [31] nor chronic training [32],
which is in line with the findings in our cohort [14]. Acti-
vation of HIF-la and its target genes seems to primarily
represent an early adaption, only seen in untrained muscle
[33] and disappearing after a period of regular training due
to an activation of negative HIF-la regulators [34].
Therefore, other mechanism might be responsible for the
observed effect of hypoxic training on myocellular insulin
sensitivity.

In addition to direct mechanism within the skeletal
muscle, adipose tissue function is known to be crucial for
the regulation of myocellular insulin sensitivity. Therefore,
we explored the role of two interesting pathways within
adipose tissue. VEGF is a well-known target of hypoxia in
adipose tissue in mice [17] and has been demonstrated to be
relevant in exercise-induced angiogenesis [18]. The growth
factor is regulated by HIF-1 [35] and seems to be involved
in regulation of insulin sensitivity during physical exercise
[36]. This state-of-affairs is thought to be driven by an
increase in capillary density, as the number of capillaries in
muscle is positively correlated to peripheral insulin action
[37]. The observed association of hypoxic training-
mediated effects on myocellular insulin sensitivity and
plasma VEGF might support such an underlying mechan-
ism. Moreover, our data indicate that alteration of circu-
lating VEGF levels might be driven by alterations in
adipose VEGF production due to local hypoxia. Given the
known effect of HIF-la on VEGF and VEGF-induced
angiogenesis [34], this idea is tempting. The subsequent
increase of capillary density would result in increased adi-
pose tissue perfusion and adipose oxygen level at rest. The
higher adipose tissue perfusion already demonstrated in our
cohort after hypoxia training [14] reflects such a chronic
super-compensation and could also explain the rather
reduced adipose HIF-1a expression during hypoxia.

Atrial ANP release is also induced by local hypoxia in an
experimental setting via HIF-1a pathway [21]. Given the
effects of acute [19] and chronic [20] exercise training on
ANP release as well as the impact of ANP system on insulin
sensitivity [19, 29], this mechanism represents another
promising target involved in the regulation of insulin sen-
sitivity during hypoxia and physical exercise. Especially we
were interested in the balance of adipose NPR-A and NPR-
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C, as latter acts as an ANP clearing receptor and the
receptor balance is therefore strongly involved in the reg-
ulation of circulating ANP levels and ANP efficacy. Actu-
ally, the previously described association of AMR-proANP
and improvement of insulin sensitivity [29] could be
detected during normoxic training. The concomitant aug-
mentation of NPR-A/NPR-C balance in adipose tissue,
which suggests an increase of circulating ANP level or
efficacy [29, 38], indicates an involvement of ANP system
on training effects at least under normoxic conditions. This
is in line with the exercise-induced elevation of circulating
ANP levels reported after 4 months of physical training
[20]. In contrast, ANP system was not related to effects of
hypoxia training on insulin sensitivity, which does not
support a role of ANP during hypoxia. We can only spec-
ulate about the mechanism. The well-known down-
regulation of NPR-C expression during hypoxia, seen in
lungs of animals exposed to hypoxic condition [39], might
be counterbalanced by the chronic super-compensation with
hyperperfusion in adipose tissue.

The missing effect on insulin sensitivity in normoxia
was not surprising, even if an increased myocellular
insulin sensitivity was described after 12 weeks of exercise
training previously [5]. We have designed a training pro-
tocol characterized by a shorter duration, lower intensity
(60% VO,max compared to up to 85% VO, and lower
frequency (3 days per week compared to 5 days per week).
The intended low efficacy was also reflected by unchanged
VOomax after 6 weeks of training. Accordingly, Tjonna and
colleagues reported unchanged insulin sensitivity after
16 weeks moderate-intensity training using an exercise
protocol (three sessions per week at a 70% of maximal
heart rate) and a study cohort almost comparable to our
study [9].

Our study has obvious limitations. First, we could only
assess the effect on hypoxia in the context of our training
protocol. Further studies including different training
intensities and longer duration of the training period are
clearly required to generalize our findings. Second, we
analyzed only the subgroup of the participants that under-
went a hyperinsulinemic euglycemic clamp procedure.
However, both randomization groups were still well mat-
ched for age, BMI, resting EE, lipid levels, ISIciamp, and
maximal workload. Third, studies enrolling a larger sample
size should be performed to confirm our findings as men-
tioned above. Of course, behavioral, social as well as
environmental factors during the intervention, like the
individual diet might have influenced our findings. Even if
the participants were advised to continue their diet, food
intake was not strictly controlled in this outpatient study.
Therefore, we could not entirely exclude the possibility that
different food patterns or individual changes during the
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trial may have affected our results. However, our study also
has some strengths. Study participants were well char-
acterized. Especially, phenotyping procedures like meta-
bolic chamber and hyperinsulinemic, euglycemic clamps
[40] are considered as gold standard phenotyping techni-
ques. This enables the analysis of organ-specific effects,
which might remain undiscovered by analyzing systemic
parameter of the metabolic syndrome. In addition, analyses
of VEGF and ANP system also included tissue-based data,
which are urgently required to understand the regulation of
these systems.

Conclusions

In summary, our data indicate that hypoxia may ameliorate
effects of intermittent moderate physical exercise on insulin
sensitivity in men with metabolic syndrome in a tissue-
specific manner. Even though further studies are clearly
required, we speculate that this effect could provide a useful
approach to counteract the failure of public strategies to
implement appropriate physical activity in subjects at
metabolic risk. Modulation of the VEGF system, but not
global or adipose ANP system, seems to be involved in the
beneficial effect of hypoxia.
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