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Abstract

The main goal of thisstudy wasto investigate the long-ter m effect of daily 8-hour mild inter mittent
hypoxia (14-15% O,) on glucose tolerance and muscle morphology of Sprague-Dawley rats. The
involvement of AMPK-PGC-1o0-VEGF signaling pathways in the skeletal muscle was also deter mined
during thefirst 8 hoursof hypoxia. Wefound that mRNA levels of VEGF and PGC-1o wer e significantly
increased above control after 8-h mild hypoxia without a change in AMPK phosphorylation. After 8
weeks of mild intermittent hypoxiatreatment, plasma glucose and insulin levelsin oral glucose tolerance
test (OGTT), epididymal fat mass, and body weight were significantly lower compared to the control
group. While soleus muscle weight was not changed, capillary and fiber densitiesin the hypoxia group
wer e 33% and 35% above the control suggesting reorganization of musclefibers. In conclusion, our data
provide strong evidence that long-term mild intermittent hypoxia decreases the diffusion distance of
glucose and insulin across muscle fibers, and decreases adiposity in rats. These changes may account for
the improved glucose tolerance observed following the 8-week hypoxia treatment, and provides grounds
for investigating the development of a mild non-phar macological intervention in the treatment of obesity
and type 2 diabetes.
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Introduction Previous human studies have shown that short-term

living at a moderate altitude (2,400 m and 1,700 m)

Insulin resistance is characterized by an elevated can improve glycemic control (29, 39). However,
fasting plasma insulin and exaggerated insulin exposure to higher altitude (approximately 4,559 m)
response to an oral glucose challenge, whichis causally causes an opposing effect (28). It appears that only
linked to accumulation of visceral fat (23, 25, 27). moderate altitudes can confer the beneficial effect on
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improving insulin sensitivity and glucose tolerance.

Hypoxia application can be classified into two
modes including intermittent and continuous modes
(18). The major differences between both modes are
the time of recovery and convenience in clinical
application. The majority of systemic hypoxia studies
related to glucose metabolism were performed under
continuous mode with oxygen levels lower than 12%
(8, 15, 35). A death rate of approximately 5% (2
among 40 rats) was found for a 12-h hypoxic condition
of 12% oxygen in our preliminary experiment, which
reflectsrisksin clinical application. However, using
amild intermittent hypoxia mode of 14-15% oxygen,
12 h a day for 4 weeks, we found significantly im-
proved insulin sensitivity, and all rats became well-
acclimated to the environment (unpublished data).

It is not surprising that hypoxia can alter whole-
body glucose metabolism since fatty acid oxidation is
compromised and, therefore, reliance on carbohydrate
for energy must beincreased. Thisis supported by the
observation that hypoxia accelerates glucose uptake
in isolated skeletal muscle (42). Since the skeletal
muscle is the most important site for postprandial
glucose disposal (11), changes in the metabolic
properties of the skeletal muscle should affect whole-
body insulin sensitivity.

Skeletal muscle glucose transporter 4 (GLUT4)
concentration and capillary density are two key factors
that can influence whole-body insulin sensitivity and
adapt to compensate a chronic hypoxic stress (6, 38).
GLUT4 is the main glucose transporter isoform ex-
pressed in the skeletal muscle (22) which has been found
to increase during the early phase of hypoxia exposure
(13). Dill et al. (2001) reported that simulated altitude
hypoxia increased muscle GLUT4 expression by day
7, but this response was diminished towards baseline
by day 28. Since the hypoxia stress was continuous,
alternative long-term compensatory mechanism against
hypoxia must have been established. One possibility
could be an increase in the muscle capillary network.
It is well known that hypoxia significantly elevates
vascular endothelial growth factor (VEGF) expression.
Thisis a major regulator of angiogenesis which can
improve skeletal muscle oxygenation and delivery of
glucose and insulin (6, 9).

Recent studies have suggested that both angio-
genesis and GLUT4 expression are regulated by the
AMPK-PGC-10. (AMP activated kinase) signaling
pathway (17). AMPK can be phosphorylated at
threonine 172 by muscle contraction and hypoxia.
Increasing AMPK phosporylation has been found to
elevate expression of PGC-1o (peroxysome-proli-
ferator-activated receptor-y coactivator-1a), a down-
stream target gene that plays a major role in the
regulation of glucose metabolism (32). However, most
of the aforementioned hypoxia studies on rat skeletal

muscle were performed under extremely low oxygen
concentration (< 2%) which is lethal and impractical
during clinical application. Inview of thislimitation,
the present study was designed to investigate the effects
of an 8-week mild intermittent hypoxia treatment at
14-15% oxygen on glucose tolerance and several fac-
tors determining insulin sensitivity, including muscle
GLUT4 protein, capillary density and epididymal fat
accumulation. Involvement of the AMPK-PGC-1a.-
VEGF signaling pathway was also assessed in the
skeletal muscle.

Materials and M ethods
Animal Care

Twenty-eight male Sprague-Dawley rats, 250 g
of body weight, age of two months, were housed
individually and were provided normal rat chow (PMI
Nutrition International, Brentwood, Mo., USA) and
water ad libitum in the animal housing facility. All
rats had one week to familiarize the new environment.
The animal room temperature was maintained at 21 +
1°C with a12-h light-dark cycle. All procedureswere
approved by the TPEC Animal Care and Use Com-
mittee and conformed to the Guidelines for the Use
of Research Animals published by the Council of
Agriculture, Executive Yuan, Taiwan.

Experimental Procedure

After allowing housing acclimatization, the rats
were matched for weight and assigned to control
(Control, n=7) and hypoxia (Hypoxia, n =7) groups.
The hypoxia treatment was in an intermittent mode
(14-15% O,, 8 h aday) for 8 weeks, 6 days per week.
To evaluate the acute effects of 8-h hypoxia treatment
on AMPK-PGC-1a-VEGF signaling pathway in the
skeletal muscle, 14 additional rats (7 for each group)
were placed in the same hypoxia chamber as mentioned
for the long-term treated rats (14-15% O,, 8 h) for one
time. Hypoxia was generated by placing theratsin a
4-room isobaric chamber (L = 56 cm; W = 43 cm;
H = 39 cm) with a constant fraction of inspired oxygen
of 14-15% (GAO2 Altitude, Australia), and the oxygen
concentration was monitored by an alarm oxygen sensor
(Handi Oxygen Sensor, GAO2 Altitude, Australia).
To determinethe acute effect of hypoxiaonintracellular
signaling, a group of rats (N = 7) was anesthetized
with pentobarbital sodium at 65.0 mg/kg body weight
with the same number of control ratsimmediately after
thefirst 8 hoursof hypoxiaexposure. Once anesthetized,
the red and white quadriceps were removed from both
hind-limbs and stored at -80°C until analysis. These
rats were then euthanized by cardiac injection of
pentobarbital sodium. To determine the long-term



64 Chen, Tsai, Kao, Lee, Wu, K, Liao, lvy and Kuo

effect of hypoxia, after the last hypoxia session, rats
were allowed to recover for 5 h with normal feeding
and then fasting for 8 h. They then received an oral
glucose tolerancetest (OGTT). Following the OGTT,
rats were anesthetized as before and the red and white
portions of the quadriceps and soleus muscle were
excised. Epididymal fat tissue was also isolated and
weighed on an AAA-160L balance (Adam Equipment,
Danbury, CT, USA). Quadriceps muscle was used to
analyze for GLUT4 expression, Thr-172 phospho-
AMPK, AMPK, VEGF and PGC1-q, and the soleus
for fiber density and capillary density.

Oral Glucose Tolerance Test (OGTT)

At the end of the 8-week hypoxia intervention
after an 8-h fast, an OGTT was performed. A 50%
glucose (w/v) solution was orally delivered with a
stomach tube to the rats during the OGTT. Blood
samples were taken from the tail at O (fasting sample)
and at 30, 50 and 80 min after the oral glucose load (1
o/kg body wt) for the determination of blood glucose
and insulin. About 200 pl whole blood samples from
the tail were transferred to microcentrifuge tubes and
then centrifuged at 3,500 rpm for 10 min to obtain
serum samples for the insulin assays. A glucose
analyzer (Lifescan, Milpitas, CA, USA) was used for
glucose determination. Insulin levels were measured
by enzyme-linked immunosorbent assay (ELISA) with
an anti-insulin monoclonal antibody. The serum
sample was quantified on an ELISA analyzer (Tecan
Genios, Salzburg, Austria) with the use of com-
mercially available ELISA kits (Diagnostic Systems
Laboratories, Webster, TX, USA) according to the
manufacturer’s procedures.

Western Blotting Analysis

About 75 mg of skeletal muscle from the red and
white quadriceps were homogenized (1:20) in 20
mM ice-cold HEPES, 1 mM EDTA and 250 mM
sucrose buffer (HES buffer, pH 7.4) with a Polytron
(Brinkmann Instrument, Switzerland). The protein
concentration of the homogenate was determined using
aBioRad protein assay reagent (Richmond, CA, USA)
according to the manufacturer’ sinstructions. Sample
homogenates and standards were diluted 1:1 with
Laemmli sample buffer (125 mM Tris, 20% glycerol,
2% SDS, 0.008% bromophenol blue, pH 6.8). 75 ug
of protein from sample homogenates were subjected
to a polyvinylidene fluoride membrane (PVDF) as
previously described (26). GLUT4, phospho-AMPK
(Thr 172), AMPK, VEGF and PGC-1a antibodies
were purchased from Santa Cruz Biothchnology,
Inc. (Santa Cruz, CA, USA) and Cell Signaling Tech-
nology, Inc. (Temecula, CA, USA). Proteins were

visualized by using an ECL Western Blot Detection
Kit containing a secondary antibody against the rabbit
antibody (Amersham, Arlington Heights, IL, USA)
on Kodak film according to the manufacturer’s
instructions.

Real-Time PCR

RNA extraction from red and white quadriceps
muscleswas performed with TRIzol (Life Technologies)
according to the manufacturer’s direction. The tissue
(50-100 mg) was dissolved in 1 ml of TRIzol and
homogenized (20 s for 6 times) with a Polytron on a
setting of 30. The lower aqueous phase was then
transferred to a fresh tube and 100 pl of chloroform-
isoamyl alcohol (24:1) was added and vigorously
shaken. Samples were allowed to sit for 5 min and
spun at 12,000 x g for 15 min at 4°C after which the
upper aqueous phase was transferred to a new tube.
The aqueous phase was mixed with 0.5 ml of isopro-
panol and the samples were placed in the freezer for
1 h. Samples were centrifuged at 12,000 x g for 15
min at 4°C, and the resulting pellets were washed
with 0.5 ml of 75% ethanol in diethylpyrocarbon-
ate (DEPC)-treated water. After centrifugation at
7,500 x g for 10 min, pellets were re-dissolved in 15
ul DEPC-treated water and allowed to dissolve on ice
after which samples were ready for reverse transcrip-
tion. For reverse transcription, 1 ug of total RNA was
reverse transcribed using the BioRad Tagman RT-
Kit. The resulting cDNA was stored at -80°C.

Quantitative real-time PCR was carried out on
18S rRNA (internal standard), VEGF, PGC-1a, and
GLUT4 in 96-well optical reaction plates. The
sequence-specific primers are listed in Table 1. All
primers and TagMan probes were designhed using
Beacon Designer 6.0 (Premier Biosoft, Palo Alto, CA,
USA). The TagMan probe was synthesized and tagged
at the 5'-end with FAM as the reporter and TAMRA at
the 3'-end as the quencher. The 25-ul PCR mixture
consisted of 5 ul of reverse-transcribed cDNA, primers
at afinal concentration of 300 nM, TagMan probe at a
final concentration of 200 nM, and 12.5 ul TagMan
Universal Master Mix (BioRad Laboratories, Hercules,
CA, USA). The PCR reaction was performed and
analyzed using the BioRad MylQTM PCR detection
system and software. The reaction conditions were
one cycle at 95°C for 3 min followed by a two-step
PCR procedure consisting of 15 s at 95°C and 45 s at
60°C for 40 cycles. All standard dilutions, controls
and experimental samples were run in triplicates. A
standard curve was accepted as linear when the slope
fell between -3.0 and -3.4 and the coefficient of
correlation was above 0.99-1.00. The RNA levels of
VEGF, PGC-1a and GLUT4 were normalized against
18S rRNA and the fold change was calculated by
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Table 1. Primersused for quantitative real-time polymerase chain reaction

Gene Sequences (5' - 3) Accession No.
GLUT4 NM_012751
Forward CGTTGGTCTCGGTGCTCTTAG
Reverse GACACATAACTCATGGATGGAACC
Probe CCAGCAGCAGCAGAGCCACCGTC
VEGF NM_031836
Forward AACGAAAGCGCAAGAAATCCC
Reverse GTCTGCGGATCTTGGACAAAC
Probe TCCTGGAGCGTTCACTGTGAGCCT
PGC-1a NM_031347
Forward GCCACTCCACCAAGAAAGGG
Reverse CCGTAGACTGGGCCGTTTAG
Probe TCCTCGTGTCCTCGGCTGAGCACT
18STrRNA X01117
Forward ACTGCGAATGGCTCATTAAATCAG
Reverse CTGATAAATGCACGCGTTCCC
Probe TGGTTCCTTTGGTCGCTCGCTCCT
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Fig. 1. Effectsof chronic hypoxiaexposure on body weight. *,
significantly difference from the control, P < 0.05.

comparing the normalized RNA levels.
Histochemical Saining

Several sections of each soleus muscle were cut
at 10-um thick at -22°C and were stained for alkaline
phosphatase activity to identify all capillaries and for
succinate dehydrogenase (SDH) and myofibrillar-
ATPase with pre-incubation at pH 4.55 to distinguish
the three main muscle fiber types. For classification
of the fibers, fiber density, capillary density and
capillary-to-fiber ratio, histochemical sections con-
taining > 300 fibers were counted. For the measure-
ment of fiber cross-sectional area, 20-40 of each fiber
type was assessed from each muscle.

Table 2. Effectsof chronic hypoxia exposure on epid-
idymal fat and soleus muscle weights

Epididymal fat mass(g)  Soleus weight (g)
Control 7.03+0.98 0.21+0.01
Hypoxia 441+ 0.48* 0.20+0.01

*, significance against the control group, P < 0.05.

Satistical Analysis

A student t test was used to compare the mean
difference between the control and the hypoxia groups
on all variables tested. A level of P < 0.05 was set
for significance for all tests. Data are presented as
means + SE.

Results

The mean body weight for both groups was
initially similar before treatment. After 8 weeks of
mild intermittent hypoxia, we observed differences
in the body weight of the hypoxia group after one
week and this weight change continued up to six
weeks beyond which there was no change in body
weight (Fig. 1). In addition, the weight of the epid-
idymal fat was significantly lower than the control
after 8 weeks of mild intermittent hypoxia treatment.
The epididymal fat and soleus muscle weights are
shown in Table 2. The soleus muscle weight was not
significantly different between the control and the
hypoxia groups.
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Fig. 2. Effects of chronic hypoxia exposure on glucose toler-
ance(A) andinsulinemia(B). * , significance against the
age-matched control group, P < 0.05.

The areas under the curve for glucose (GAUC)
and insulin (IAUC) during OGTT are shown in Fig. 2.
Rats subjected to the long-term intermittent hypoxia
exposure had a significantly lower GAUC and IAUC
than the control group.

The results of quantitative PCR are shown in
Fig. 3. PGC-1o and VEGF mRNA expressions in
both of the red and white quadriceps muscles were
significantly elevated above the control level follow-
ing an acute 8-h hypoxiatreatment (Figs. 3A and 3B).
GLUT4 mRNA increase was observed only in the
white quadriceps muscle (Fig. 3B).

Acute and chronic effects of mild intermittent
hypoxia on AMPK phosphorylation (threonine 172)
are shown in Fig. 4. AMPK and phospho-AMPK in
both of the red and white quadriceps muscles were not
significantly different among the groups after acute
and chronic hypoxiatreatments (Fig. 4). No significant
difference in the GLUT4 protein level was observed
in the red and white quadriceps muscles between
the control and hypoxia groups following acute and
chronic hypoxia treatment (Fig. 5). PGC-1o. protein
level was not different between the control and the
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Fig. 3. Acute effects of hypoxia exposure on PGC-1o, VEGF
and GLUT4 mRNA levelsin the red (A) and white (B)
quadriceps muscles. *, significantly difference fromthe
control, P < 0.05.

chronic hypoxia groups in both the red and white
quadriceps muscles (Fig. 6). In addition, no significant
difference in the VEGF protein level was observed in
the red and white quadriceps muscles following acute
and chronic hypoxia treatment (Fig. 7).

The fiber density (FD) and capillary density
(CD) of the soleus muscle are shown in Table 3.
The eight-week hypoxia treatment significantly
increased FD and CD above the control level. No
significant difference was observed in the ratio of C/
F (capillaries/fibers) between the control and the
hypoxia groups.

Discussion

Visceral fat content is closely associated with
the degree of insulin sensitivity and glucose tolerance.
In an early study, Fushiki et al. (1992) demonstrated a
significant fat-reducing effect using a hypoxia protocol
with ~11% oxygen in a continuous mode. However, in
clinical practice, placing individuals under such a
severe level of hypoxia for 24 h a day would not be
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(B) quadriceps muscles were not significantly changed.
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practical. In this study, we demonstrated a significant
decrease in epididymal fat storage and increase in
insulin sensitivity with changes in muscle morphology
after 8 weeks of amild intermittent hypoxia protocol.
The daily 8-h treatment period approximates the av-
erage sleeping duration for humans. In contrast to
most previous hypoxia studies, the present hypoxia
protocol is mild (14-15% oxygen, 8 h aday) and would
be more clinically applicable for improving metabolic
variables associated with insulin resistance.

The duration of the intermittent hypoxia protocol
appears to be crucial for its body weight-reducing
effect. Unlike our study, Panisello et al. (2008) was
unable to demonstrate a similar result with 4-h hypoxia
per day with 11 % O, (33). Taken together, duration
seems to be more important than intensity of hypoxia
with regard to weight-reducing effects.

Adipose tissue produces a myriad of hormones,
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Fig. 7. Acute and chronic effects of hypoxiaexposureon VEGF
protein levels. The VEGF protein levelsfor thered (A)
and white (B) quadriceps muscles were not significantly
changed.

peptides (adipokines) and molecules that have been
implicated in the impairment of insulin sensitivity
and related to metabolic syndromes associated dis-
orders (19, 21). For example, TNF-a (20, 34) and
fatty acid (7, 21, 30) are two factors which increase
their release into circulation during development of
adiposity and causes insulin resistance. In the present
study, systemic hypoxia treatment was found to im-
prove oral glucose tolerance and elevate insulin sensi-
tivity with decreased fat mass. This beneficial effect
of the new hypoxia protocol appears to be partly as-
sociated with possible changes in the adipokine levels,
secondary to reduced adiposity.

The skeletal muscle is the largest tissue re-
sponsiblefor theinsulin-stimulated disposal of glucose
(112, 31). Thus, changes in the metabolic property of
the skeletal muscle should affect the whole-body
insulin sensitivity. In this study, acute 8-h mild
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Table 3. Effectsof chronic hypoxia exposure on fiber density (FD) and capillary density (CD) in soleus muscle

CD (capillariesmm?)

FD (fibersmm)

CIF (capillaries/fibers)

Control 396+ 35 219.8+ 12 18+0.1
Hypoxia 529 + 56* 296.7 £ 20.1* 18+0.2
*, significance against the control group, P < 0.05.

(A) (B)

(©)

(D)

Fig. 8. Representative autoradiographs for the chronic hypoxia effect on soleus muscle capillary density and muscle fiber density

(A, B, C, and D).

hypoxia increased the VEGF mRNA level in the
guadriceps muscles suggesting that this treatment
may be sufficient to induce angiogenesisin the skeletal
muscle. In agreement with this result, we found that
long-term mild intermittent hypoxia significantly
increased muscle capillary density. Sinceincreasing
perfusion of insulin and glucose to skeletal muscle
has been found to elevate the rate of insulin-mediated
glucose uptake (6), our result suggests that the im-
provementsin glucose tolerance and insulin sensitivity

by hypoxia were associated, at least in part, with
increased capillary density in the skeletal muscle. To
the best of our knowledge, this is the most moderate
hypoxia protocol that has been demonstrated to
increase capillary density in the skeletal muscle.
GLUT4 protein, also known as insulin respon-
sive glucose transporter, plays a key role in post-
prandial glucose transport in the skeletal muscle. In
the current study, we found a significant increase in
the GLUT4 mRNA level after acute 8-h mild hypoxia
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in the white but not the red quadriceps. GLUT4 pro-
tein level, however, was not elevated following 8
weeks of chronic hypoxiain either muscle type. This
result is in conflict with the results from previous
reports using shorter periods of hypoxia (10, 13, 43).
Two possibilities that could explain this discrepancy
are the differences in the methods of hypoxia
administration and the time of observation. Xiaet al.
(1997) reported an increased GLUTA4 protein levels
after 1-month of continuous hypoxia at 9% oxygen
(proximate to the altitude of Mt. Everest). Thisisa
very stringent hypoxic condition which might result
in a greater magnitude of adaptive response than in
the present study. Furthermore, Dill et al. (2001)
have shown increases in muscle GLUT4 mRNA and
protein levels after 7 days of hypobaric hypoxia
corresponding to an altitude of 4,878 m, but this
increase diminished towards baseline by day 28.
Hypoxia is known to stimulate many physiological
adaptations aimed to enhance peripheral oxygen
supply such as increase in capillary density (5, 12,
37). Thus, it is possible that increased GLUT4 ex-
pression might occur during the early phase of hypoxia
exposure. However, once a greater vascular network
is established, enhancement in the expression of the
glucose transporter would not be required for greater
demand in anaerobic glycolysis.

AMPK is a serine-threonine kinase that has
been reported to regulate muscle angiogenesis and
GLUT4 expression during hypoxia and exercise (2, 3,
36). AMPK mediates its effect via activation of PGC-
la, atranscriptional coactivator that plays a major
role in cellular adaptation against energy deficiency
(14). AMPK activation requires phosphorylation of
threonine 172 within the catalytic subunit of AMPK.
In the current study, PGC-1o and GLUT4 mRNA
levels were significantly increased by acute 8-hour
mild hypoxia, but threonine 172 phosphorylation of
AMPK was unchanged 8 hours later. It should be
noted that increasing PGC-1o. and GLUT4 gene ex-
pression from the stimulation of AMPK activity may
occur in different time frames. Thus, we cannot pre-
clude the possibility that AMPK phosphorylation oc-
curs earlier than increases in PGC-1o. and GLUT4
gene expression, and was diminished by the end of the
8-hour hypoxia exposure.

According to most previous reports, chronic hy-
poxia causes a reduction of muscle fiber cross-section
area which could be attributed to muscle atrophy (4,
40, 41). Inthe present study, we found a similar result
in the muscle fiber cross-section area (CSA) with a
milder degree of systemic hypoxia, but the muscle
weight was not different between the control and the
hypoxiagroups. Our result isalso similar to aprevious
study with continuous exposure to 12% oxygen, which
showed that the muscle tissue was either unchanged

or slightly increased in CSA after 3 weeks of systemic
hypoxia (12). Thus, the best explanation for our re-
sult of reduced CSA with no change in muscle weight
would be either an increase in muscle fiber splitting
or muscle fiber replacement. Muscle ischemia or
hypoxia can be generated during vigorous resistance
exercise which has been shown to cause muscle fiber
splitting concurrent with muscle hypertrophy (16).
Hypoxia has been reported to increase the rate of
skeletal muscle apoptosis (1) and to induce muscle
fiber regeneration (24). Therefore, muscle weight
could be maintained by paralleled increases in
apoptosis of mature muscle fibers and regeneration of
new muscle fibers during systemic hypoxia.

Insulin resistance has been considered as a
common origin of several age-associated diseases
including type 2 diabetes, coronary heart disease,
stroke, hypertension and cancer (25). Therefore,
developing practical methods to enhance insulin sen-
sitivity is urgently needed in the prevention and the
treatment of metabolic syndromes. The new inter-
mittent hypoxia method developed in this study is by
far the most gentle hypoxia intervention method to
demonstrate a positive effective on insulin sensitivity
and body fat mass. Whether this mild intermittent
hypoxia method can produce the same beneficial
effect in genetically obese animals and humans
requires further investigation.

I'n conclusion, our hypoxiaprotocol significantly
improved glucose tolerance and insulin sensitivity.
These beneficial effects might be related to lower
visceral fat and increased capillary density although
no change was found in GLUT4, VEGF and PGC-1a
protein expression levels with 8 weeks intermittent
hypoxia. In our study, we also found reductions in
muscle fiber cross sectional area without concurrent
reduction in muscle weight. These results suggest
that the mild intermittent hypoxia protocol may be
used to develop as a therapeutic modality for the
improvement of glucose tolerance and insulin
sensitivity.
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