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Abstract
Under altitude hypoxia condition, energy reliance on anaerobic glycolysis increases to compensate
the shortfall caused by reduced fatty acid oxidation. Short-term moderate altitude exposure plus endurance physical activity has been found to improve glucose tolerance (not fasting glucose) in humans, which
is associated with the improvement in the whole-body insulin sensitivity. However, most of people cannot
accommodate high altitude exposure above 4500 M due to acute mountain sickness and insulin resistance.
There is a wide variation among individuals in response to the altitude challenge. In particular, the improvement in glucose tolerance and insulin sensitivity by prolonged altitude hiking activity was not
apparent in those individuals with low baseline dehydroepiandrosterone sulfate (DHEA-S) concentration.
In rats, exercise training recovery under prolonged hypoxia exposure (14-15% oxygen, 8 h per day for 6
weeks) can also improve insulin sensitivity, secondary to an effective suppression of adiposity. After
prolonged hypoxia training, obese abnormality in upregulated baseline levels of AMP-activated protein
kinase (AMPK) and AS160 phosphorylation in skeletal muscle can be reversed. In humans, moderate
hypoxia increases postprandial blood distribution towards skeletal muscle during a training recovery.
This physiological response plays a role in the redistribution of fuel storage among important energy
storage sites and may explain its potent effect on the favorable change in body composition. Conclusion:
Altitude training can exert strong impact on our metabolic system, and has the potential to be designed
as a non-pharmacological or recreational intervention regimen for correcting metabolic syndromes.
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Introduction
To maintain living, cellular ATP is continuously
consumed and must be regenerated in an equal pace.
The regeneration of ATP, for the most part, is driven
by energy released from oxidation of the reducing
compounds-fatty acid and glucose. Oxygen serves as
the final electron acceptor, receiving electrons that
ultimately come from both energy-rich reducing compounds. Without oxygen presence, ATP regeneration
will be compensated mostly by increasing the rate
of anaerobic glycolysis (conversion of glucose to
lactate). Therefore, reducing oxygen availability
would undoubtedly impact our metabolic system by

increasing energy dependence on glucose utilization.
This has been nicely demonstrated by Ogita’s laboratory that altitude exposure significantly elevates
respiratory exchange ratio (RER) and increases lactate
accumulation, in parallel with reduced glycerol release (from triglyceride breakdown) from periphery
(17). In this paper, we will summarize our past
findings and the current knowledge in the metabolic
influence of altitude hypoxia training on carbohydrate
metabolism.

Studies on Healthy Men
Insulin resistance, characterized by impaired
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carbohydrate metabolism, has now been found as the
early sign of type 2 diabetes, coronary heart disease,
hypertension, stroke, and cancer (12, 26). Above
clinical events developed in approximately one out
of three normal middle-aged adults who were in the
upper tertile of insulin resistance at baseline, followed
for an average of 6 years. Interestingly, it has been reported that both cardiovascular and cancer mortality
rates in humans resided at moderate altitude are lower
than those living at sea-level (2, 25). Knowledge regarding whether the recreational intervention of
altitude can help to improve insulin sensitivity would
be valuable, as aforementioned clinical event accounts
for the majority of death in the modern aging society
(1).
Altitude is characterized by hypoxia, low temperature, and low atmospheric pressure. Many researchers focused on hypoxia aspect of physiological
response, since this component exerts potent effect
on human metabolism. Our past experiment on hypoxia shows that oxygen concentration at 12% can
be tolerable for the most of animals but still caused
~6% death rate. Thus, such risk should be prevented
by lowering altitude hypoxia strength when it is
utilized for clinical use. Based on this preliminary
result, all of our experiments were performed using
14% oxygen or greater concentration.
High altitude to a level above 4500 M can create
discomfort and thus unsuitable for humans to improve
their insulin sensitivity. Larsen et al. reported that
acute mountain sickness (AMS) and insulin resistance
can be resulted in healthy young men (aged ~ 27 years
old) after a quick passive ascent to a high altitude of
4559 M (~12% oxygen) (21). AMS is characterized by
the symptoms of a headache plus at least one of the
following symptoms: GI upset (loss of appetite, nausea,
vomiting), fatigue/weakness, dizziness/light-headedness, insomnia. Under this condition, insulin-stimulated
glucose uptake decreases by ~50%. The decreases in
insulin action were associated with the increases in
counter-regulatory hormones, such as cortisol and
norepinephrine. Despite this acute insulin resistance
state would not last long (less than a week), altitude at
this level would be unpleasant to be used for clinical
application.
Based on this fact, we designed a study to determine the effect of moderate altitude (3 days at 2400
M, ~16% oxygen) on glucose tolerance (22). Eight
subjects (aged from 18 to 43 years) well-tolerated
with only one participant had 1-day AMS. No vigorous
physical training was performed during the study.
Glucose tolerance but not fasting glucose levels was
significantly improved after the 3 days of altitude
exposure. We further tested the combined effect of
altitude plus hiking activity on the same metabolic
parameters in Pamirs confined to a highland area with

altitude varying between 2500 and 4000 M (13-16%
oxygen). The backpack load was controlled within
0.3 to 0.33 kg per kg body weight. Glucose concentrations during oral glucose tolerance test (OGTT)
were measured at baseline and 3 days after the highaltitude hiking activities at ~4000 M. Glucose tolerance was significantly improved yet fasting glucose
concentration was slightly elevated from ~85 to 102
mg/dl. Both experiments provide consistent evidence
that short-term moderate altitude with or without increased physical activity can improve glucose tolerance in healthy humans.

Studies on Humans with Metabolic Syndromes
An Austria group investigated effects of recreational activity at altitude on 22 males with metabolic
syndromes (27). During a 3-week stay at 1700 M
(~17% oxygen) in an Austrian mountain, HOMA-IR
value (Homeostasis Model Assessment of Insulin
Resistance) and glucose tolerance were significantly
improved. Altitude at this level appears to be wellaccommodated in these metabolically abnormal
individuals.
Obesity is known as the major cause to accelerate
age-onset insulin resistance and metabolic disorders
in adults. We previously investigated the effect of
4-week altitude hiking on obese human subjects. The
subjects were the individuals with a history of drug
abuse (users of heroin, cocaine, or amphetamine). A
huge regain in body weight (18-100% above their
original body weight) was noted during abstention
period. All subjects exhibited severe hyperinsulinemia
(a sign of insulin resistance) following an oral glucose
load. In this study, 9 male obese (age 28.7 ± 1.3
years) and 17 control subjects (age 29 ± 1.1 years)
voluntarily participated in a 4-week hiking activity
(altitude 2200-3800 M, 13-16% oxygen). After the
altitude expedition, insulin levels during the OGTT in
ex-addicts were completely normalized to control
level. Along with the improvements, a significant
reduction in waist-to-hip ratio, with a small increase
in lean body mass was observed. Both studies confirm
the health benefit of altitude activity for metabolically
abnormal individuals.

Hypoxia Increases Basal Glucose
Uptake in Heart
It has been reported that hypoxia increases
glucose uptake in skeletal muscle (7). However, we
need to aware that most of such experiments were performed under ischemic or anoxic condition (oxygen
concentration close to zero), which is apparently
lethal to humans and cannot comparable to high
altitude hypoxia condition. Altitude hypoxia places
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human heart into a stressful condition since greater
cardiac muscle contraction is needed to compensate
reduced peripheral arterial oxygen. Using positron
emission tomography (PET) with 2-deoxy-2-[ 18 F]
fluoro-D-glucose ([18F]FDG) injection, we found that
heart has higher priority for glucose supply from
circulation than skeletal muscle under altitude hypoxia. An increased cardiac glucose uptake (by ~70%)
in a simulated altitude hypoxia condition (14-15%
oxygen) was observed, whereas no significant change
in overall skeletal muscle glucose uptake (fasting
sedentary condition). Despite heart contributes to
small part of the whole body glucose uptake under
fasted condition, it is worthy to acknowledge that
moderate altitude hypoxia exert strong impact to
this vital organ.

DHEA-S Underlies Individual Variation
Individual responses in glucose tolerance and
erythropoiesis against altitude challenge vary widely
among healthy humans (23). We firstly found that
the serum dehydroepiandrosterone sulfate (DHEA-S)
level dropped significantly at altitude in the subjects
with higher baseline DHEA-S level, whereas those
subjects with a lower baseline DHEA-S level remain
stably low. To further elucidate the role of DHEA-S
in the adaptation on glucose metabolism against
altitude activity, subjects were then divided into lower
and upper halves according to their baseline DHEAS concentrations at sea-level. We found that glucose
and insulin concentrations on an oral glucose tolerance
test were significantly decreased by the mountaineering activity confined only to those subjects with
initially higher DHEA-S. Similarly, increased hematocrit and hemoglobin concentrations in altitude were
occurred only in the high DHEA-S group. Intriguingly,
the low DHEA-S subjects exhibited a higher erythropoietin (EPO) value at both sea level and altitude
than the high DHEA-S group, suggesting a resistance
of hematopoietic system to EPO stimulation for erythropoiesis.
DHEA and its sulfate derivative DHEA-S, collectively, are the most abundant steroid in humans,
which is mainly produced in the adrenal gland (3,
32). It is also the primary precursors in biosynthesis
of many steroid hormones, known as androgens,
estrogens, and some other steroid hormones. This
endogenous steroid is generally known to decline
with advancing aging. Baseline plasma DHEA-S
concentration has been found to closely associate
with human longevity and fitness.
Coping against acute stress generally involves
with sudden increased oxygen demand, which can
result in transient tissue hypoxia. Successful coping
against variably environmental changes, such as
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muscular work, temperature shift, and mental challenge, is essential to ensure continuation of our wellbeing and survival. We previously found a prolonged
decrease in circulating DHEA-S for 5 days in the
golfers who received negative competition outcome, whereas the overall mood state (measured by
Profile of Mood States (POMS) inventory) remained
stable. The depression level on the losing golfers
recovered quickly demonstrating that the psychological readjustment was successful with concurrent decline in the DHEA-S level. In contrast, the
mood state and DHEA-S were not changed for the
made the cut group throughout the entire observation period.
Coping with heat stress is one of the most important survival mechanisms for human body, since
increasing body temperature can cause irreversible
change in protein conformation and eventually leading
to death. A state of insulin resistance, evidenced by
increased area under curve of glucose and HOMA-IR
values (insulin resistance indicator), was manifested
in 16 healthy males with a 30-min hot spring immersion at 41°C. A wide range of individual variation for
the heat-induced stress response was also identified.
We found that changes in insulin resistance measures
after heat stress is associated with baseline DHEA-S
level. In particular, hot spring immersion-induced
insulin resistance state was restricted only to the
low DHEA-S group.
Hiking at altitude faces hypoxia and increased
demand of oxygen during muscular work. We found
a persistent reduction in DHEA-S level concurrent
with improvement in insulin sensitivity during the
recovery period after resistance exercise (30). Resistance exercise is known to generate considerable
muscle damage and thereafter induces a protracted
repair process. DHEA-S decline phenomenon appears
to be related to increased consumption for tissue
repair during recovery in damaged skeletal muscle.
The increased demand on DHEA-S could account for
consumption of this steroid during recovery, based
on the evidence that exogenous DHEA administration following various conditions causing tissue
damage enhances functional recovery (15).
Exercise training is generally recommended for
elderly to maintain metabolic health. However, it
was also reported that the training effect on improving
glycemic control for middle-aged or older individuals
is not as effective as for young individuals (28). We
investigated the effect of a 4-month exercise training
program on glucose tolerance and insulin sensitivity
in a group of elderly, aged greater than 80 years, in
relation to their baseline DHEA-S levels. The result
shows that the 4-month exercise training effect on
improving insulin sensitivity cannot occur in the
elderly with low DHEA-S level (16).
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Mechanism Associated with Altitude
Training Effect
To determine the mechanism for the beneficial
effect of altitude training on insulin sensitivity and
glucose tolerance, we performed both animal and
human experiments. Similar to obese humans, genetically obese animals exhibit greater fasting insulin
levels, and exaggerated glucose and insulin responses
following an oral glucose challenge compared with
lean counterparts. During a 6-week training period,
rats performed swimming exercise progressively from
30 to 180 min/day, and recovered under hypoxia
(14% oxygen for 8 h/day). At week 6, body weight,
fasting glucose, fasting insulin, area under curve of
glucose (GAUC) and insulin (IAUC) were significantly decreased among the obese rats. Capillaries
to fiber ratio, capillary density, and type IIa fiber
proportion of the plantaris muscle in the exercisetrained group were significantly increased above
control level, but no additive effect of hypoxia and
exercise training was observed. Our data also demonstrate that exercise training with prolonged hypoxia
recovery offers better metabolic benefits than exercise
training alone for genetically obese animals. This
advantage was closely associated with the effective
weight reduction (31). Obesity has been recognized
as a major contributor of type 2 diabetes and its
metabolic complications (18).
Under insulin-stimulated condition, skeletal
muscle accounts for ~85% of glucose uptake (10),
thus intervention that affects muscle property may
also influence the whole-body glucose tolerance and
insulin sensitivity. The effects of altitude training
on the AMP-activated protein kinase (AMPK)-related
glucose transport pathway in skeletal muscle of both
lean and obese Zucker rats was studied (9, 31). The
skeletal muscle AMPK-related glucose transport
pathway is involved in glucose homeostasis. We
found that obese animals have abnormal LKB1AMPK-AS160-glucose transporter 4 (GLUT4) signaling system in red gastrocnemius muscle compared
to that in lean (normal) animals. AS160 is a triggering
protein factor that commands the GLUT4 translocation from the intracellular pool to the plasma membrane. GLUT4 is responsible for insulin-stimulated
glucose transport across plasma membrane in skeletal
muscle (9). We compared the chronic training effects
of hypoxia training and exercise training on this
pathway in lean and obese rats. The obese rats had
higher body weights, elevated fasting insulin and
glucose levels, and higher baseline levels of muscle
AMPK and AS160 phosphorylation compared with
those of lean animals. After hypoxia training, the
levels of AMPK, AS160 phosphorylation, fasting
insulin, and fasting glucose were reversed toward

normal concomitant with an approximate 50% increase in the muscle GLUT4 protein level compared
with those of the control group. GLUT4 is the protein
expressed in skeletal muscle responsible for insulinstimulated glucose transport, and plays a major role
in postprandial glucose disposal.
In animals, the knowledge of prolonged systemic
hypoxia exposure (with or without training) reducing
body fat mass (8) and increasing muscle mass (11) has
been well-established. Since ambient oxygen for
fatty acid oxidation is less available during altitude
hypoxia, fat burning cannot be the best explanation
for the body fat-reducing effect. In animals, interventions that increases muscle mass lead to significant
reduction in body fat mass (29), suggesting that
skeletal muscle plays the dominant role in the
regulation of fuel storage in fat tissues. Therefore, we
hypothesized that greater distribution of circulatory
insulin to skeletal muscle can directly alter the deposition of fuel storage (5), and thus influences body
composition. Insulin is the main anabolic hormone
which stimulates fuel storage and syntheses of glycogen, triglyceride, and protein in skeletal muscle
and adipose tissues (24). Withdraw of insulin in animals for only 7 days can lead to marked reductions in
fat mass and fat cell diameter at all depots (14).
Therefore divergent distribution in circulatory insulin
perfusion among tissues would expect to alter storage
among energy-storage tissues. Insulin delivery shift
can presumably be maneuvered by increasing blood
distribution towards skeletal muscle.
Two sets of human experiment were performed
to compare the effect of altitude training on muscle
and fat masses. For the first experiment, effect of
3-week altitude training on body composition was
determined by dual-energy X-ray absorptiometry
(DXA) in 10 male swimmers (age: 14.9 ± 0.4 years,
body mass index (BMI): 20.8 ± 0.4 kg/m2) who regularly completed a fixed training distance of 12300 M
per day. After baseline measurements, all subjects
moved from sea-level (Singapore) to altitude (2200
M, Kunming, Yunnan, PRC). They maintain the same
training distance at sea-level (all were motivated to
complete their daily swimming volume in the shortest
possible time). An additional 8 male control subjects
(age: 13.0 ± 1.6 years, BMI: 20.5 ± 1.2 kg/m2) resided
at sea-level were recruited to monitor the possible
time-to-time variation of DXA measurements on body
composition. We found that altitude exposure rapidly
decreases fat mass and increase lean mass for youth
swimmers maintaining their body weight. Since the
overall dietary intake was not apparently changed,
energy balance per se cannot be the best explanation
for this significant change.
For the second experiment, effect of hypoxia
(16%) on blood distribution to skeletal muscle was
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Post-Exercise under Normoxia

Post-Exercise under Hypoxia

Inslulin Signals
Energy Substrates

Insulin Signals
Energy Substrates

Greater Inhibition on Muscle Insulin Sensitivity

Less Inhibition on Muscle Insulin Sensitivity

Box 1. Possible mechanism for improved glycemic control by altitude training. Exercise training with hypoxia recovery increases
greater distribution of fuel and anabolic signals (i.e. insulin) to skeletal muscle that reciprocally limits the growth of adipocyte
in humans and animals. Increasing fuel storage in adipose tissue is the most common cause of inhibited insulin-stimulated
glucose uptake in skeletal muscle. As skeletal muscle accounts for ~85% whole-body glucose disposal, reduced muscle insulin
sensitivity due to greater fat storage results in hyperglycemia. Reduced adiposity in conjunction with increased energy reliance
on carbohydrate under hypoxia reliance contributes to the improvement in glycemic control by altitude training.

measured under glucose-ingested condition (insulinstimulated condition) during the training recovery.
We speculated that the fat-reducing effect is related
to increased distribution of insulin and energy substrates towards skeletal muscle for swimmers. Skeletal
muscle blood distribution was measured using near
infrared spectroscopy (NIRS) to detect changes in
hemoglobin concentration under hypoxic (16%
oxygen) and normoxic conditions for 90 min after
oral glucose ingestion. We evaluated blood distribution under glucose-ingested hyperinsulinemic
condition to mimic postprandial state. The increased
blood perfusion into skeletal muscle would expect
to result in an increased delivery of glucose and insulin into skeletal muscle.
Our data on hemoglobin increases in skeletal
muscle fit well with the finding of reciprocal increase
in lean mass and decrease in fat mass for all swimmers
after altitude exposure. Increasing insulin distribution into skeletal muscle can promote fuel deposition
and muscle growth specifically in the region, which
will in turn decrease fuel availability to adipose tissue.
Insulin is the major anabolic hormone released after
carbohydrate meal, which is able to stimulate glucose
uptake (20), glycogen synthesis (6, 19), amino acid
uptake (4), net protein synthesis (13), cell proliferation, and triglyceride synthesis (24) in insulin-targeted
tissues. Therefore, competition between skeletal
muscle and adipose tissue for insulin-dependent fuel
acquisition plays a key role in regulating body composition. Reduced fat storage after altitude training
will have positive influence on the whole-body glycemic control (Box 1).

Concluding Remarks
1. Altitude exposure increases energy reliance on
carbohydrate metabolism.
2. Short-term moderate altitude hypoxia can improve
glucose tolerance without affecting fasted glucose
(or slight increases).
3. Altitude exposure above 4000 M increases physiological stress, elicits discomfort feeling, and
leads to insulin resistance.
4. During training recovery, prolonged moderate
hypoxia exposure can significantly reduce fat mass
with slight increase in muscle mass without affecting body weight for athletes.
5. During a training recovery, moderate altitude
exposure increases blood perfusion towards skeletal
muscle under glucose ingested hyperinsulinemic
state.
6. For genetically obese animals, exercise training
with moderate hypoxia recovery can exert potent
effect in correcting obese phenotype.
7. Skeletal muscle from genetically obese animals
has abnormal LKB1-AMPK-AS160-GLUT4 signaling pathway, which can be reversed by exercise
training with moderate hypoxia recovery.
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