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Most of the literature related to high altitude medicine is devoted to the short-term effects of high-altitude

exposure on human physiology. However, long-term effects of living at high altitudes may be more important

in relation to human disease because more than 400 million people worldwide reside above 1500 m. Interest-

ingly, individuals living at higher altitudes have a lower fasting glycemia and better glucose tolerance compared

with those who live near sea level. There is also emerging evidence of the lower prevalence of both obesity and

diabetes at higher altitudes. The mechanisms underlying improved glucose control at higher altitudes remain

unclear. In this review, we present the most current evidence about glucose homeostasis in residents living above

1500 m and discuss possible mechanisms that could explain the lower fasting glycemia and lower prevalence of

obesity and diabetes in this population. Understanding the mechanisms that regulate and maintain the lower

fasting glycemia in individuals who live at higher altitudes could lead to new therapeutics for impaired glucose

homeostasis. (Endocrine Reviews 36: 149–173, 2015)
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I. Introduction

Although there is abundant literature on the short-term

effects of exposure to high elevations on human

physiology (1–5), including observations documented

more than four centuries ago (6), as well as early experi-

mental work performed by Paul Bert in the nineteenth

century (7), the impact of prolonged exposure, particu-

larly on blood glucose regulation, has received little at-

tention. This is surprising because approximately 7% of

the world’s population (ie, �440 million people) resides

above 1500 m (8), particularly since the number of people

living at high elevations has been increasing considerably

(by 20%) since 1990 (Figure 1). A plurality of those re-

siding at higher elevations (�4000 m) are primarily from

the Andes and Tibet (9). In some Andean countries such as

Peru, the percentage of the population living at higher
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elevations is quite large. Approximately, 25% of Peruvian

residents live above 2500 m (www.inei.gob.pe). In the

United States, approximately 7.5 million people live above

1500 m (8).

Many environmental factors differ with prevailing al-

titude, namely: 1) the partial pressure of oxygen (PaO2) in

the breathed air; 2) ambient temperature; 3) relative hu-

midity; and 4) solar and cosmic radiation. Even the com-

position of bacteria in ambient air and soil varies with

altitude (10, 11). However, it is generally accepted that

most physiological changes that take place in individuals

exposed to high elevation are due to ambient hypoxia (ie,

due to a decrease in the PaO2), which occurs as a conse-

quence of a low total atmospheric pressure, although the

percentage of oxygen in the air remains the same (20.9%).

Whether hypobaria (low atmospheric pressure) induces

different physiological changes compared with those pro-

duced by hypobaric hypoxia is still in debate (12, 13).

At sea level, the PaO2 and atmospheric pressure values

are 149 and 760 mm Hg, respectively. At the top of Mount

Everest (8848 m), those values are reduced by two-thirds

(1). Not surprisingly, the human body activates numerous

adaptive mechanisms in response to an exposure to high

elevations (1, 2). Although the PaO2 at 1500 m is approx-

imately 80% of that at sea level (2), the arterial oxygen sat-

uration remains within normal values (�95%). However,

initial adaptive changes become more

evident above 1500 m, including in-

creased heart rate, hyperventilation,

and subsequently, increased red blood

cell mass (3, 4). In healthy subjects, the

inverse relationship between oxygen

saturation of hemoglobin and altitude

is more dramatic over 3000 m (14),

which may lead to more profound

adaptive mechanisms.

Additional mechanisms are in-

volved in the human adaptation to

prolonged exposure to higher alti-

tudes (eg, individuals born and

raised at low altitude that migrated

to and permanently live at elevated

regions). In fact, native inhabitants

at altitudes above 3000 m differ in

circulatory and hematological fea-

tures compared with natives of low-

lands. For example, children born

and residing over 3000 m have a per-

sistent right ventricular predomi-

nance compared with children born

and residing below 1000 m (15).

Young adult men living at 4540 m

have considerably higher hemoglobin concentrations (as

well as increased hematocrit) compared with men living at

150 m (16). Moreover, individuals residing at very high

altitude have a larger chest circumference and cyanosis in

their lips and skin (17, 18). What it is unclear is whether

the environment, rather than genetic factors, mainly de-

termines the phenotype of a high-altitude individual.

These factors have been discussed elsewhere (17–20).

The purpose of the present review is to discuss the most

current data about glucose homeostasis in individuals liv-

ing above 1500 m. We will focus particularly on the pos-

sible mechanisms, mainly from an integrative (systemic)

point of view, that could explain the lower fasting glyce-

mia and lower prevalence of obesity and diabetes in hu-

mans at higher altitudes. In addition, we will briefly dis-

cuss the studies examining the effects of simulated altitude

(hypobaric hypoxia simulated in a decompression cham-

ber) and experimental hypoxia alone on glucose homeo-

stasis because information on these topics is more limited.

Cited references were mainly obtained from PubMed, in

either the English or Spanish language.

In this review, we considered three altitude environ-

ments, as suggested by the International Society for Moun-

tain Medicine (www.ismm.org). High altitude was de-

fined as �1500 m and below 3500 m; very high altitude,

�3500 m and below 5500 m; and extreme altitude, �5500

Figure 1.

Figure 1. Number of people worldwide living above 1500 m estimated for the year 2000.

Adapted from the Center for International Earth Science Information Network (8).
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m. Because there is no consensus on the definition of acute

and chronic exposure, we arbitrarily defined very acute ex-

posure when the exposure duration is less than 60 minutes;

acuteexposure,when it lasts1–24hours; subacuteexposure,

when it lasts between 1 day and less than 3 months; and

chronicexposure,whenit lasts�3months.However, forthe

purposes of this review, very short and acute exposures are

considered short-term effects, whereas subacute and chronic

are considered long-term effects.

II. Short-term Effects of Altitude on Glycemia

Fasting glycemia of healthy lowlanders exposed to very high

altitude has been reported to increase (21–23), decrease (24),

or remain unchanged (25, 26). Divergent results may be due

to period of exposure. In fact, exposure to very high altitude

causes an increase in fasting glycemia in the initial 2–3 days

(21–23). This initial increase in glycemia is attenuated as the

exposure persists for more than 1 week (25, 26) and may

even decrease below pre-exposure values in the second week

of a stay at very high altitude (24). Thus, acclimatization to

high elevations may allow normalization of glycemia after

initial transient hyperglycemia.

Certainly, other factors may also explain the discrep-

ancies reported in regard to the effect of altitude exposure

on fasting glycemia. Physical activity appears to contrib-

ute to the susceptibility to hyperglycemia during short-

term exposures to high altitude. Exposure to very high

altitude induces hyperglycemia in healthy individuals un-

der non-resting conditions (21, 22), but the same exposure

does not affect glycemia in individuals remaining at resting

conditions (27, 28). One explanation is that physical work

could lead to increased sympathetic activity, resulting in

hyperglycemia. Numerous studies examining the effect of

altitude exposure on urine or plasma catecholamines have

reported an increase in catecholamines, mainly norepi-

nephrine, as reviewed by Rostrup (29) and Richalet (30).

However, elevation in catecholamines does not always

occur after altitude exposure (29), suggesting that alti-

tude-induced hyperglycemia may not be fully explained by

catecholamines. Elevation of cortisol during short-term

exposure to high altitude (31) could also contribute, at

least in part, to the transient hyperglycemia. There is a

possibility that prevailing fasting conditions could also

mediate the hyperglycemic response after altitude expo-

sure. For example, decreased glycemia has been observed

after acute exposure to hypobaric hypoxia in nondiabetic

subjects (Figure 2) while remaining in prolonged fasting

states (O. Woolcott, unpublished data).

The previous findings suggest that hyperglycemia may

develop in the initial days after exposure to high altitudes,

probably secondary to increased stress-related hormones,

namely cortisol and norepinephrine.

However, it is remarkable that pro-

longed exposure to high altitudes

may instead have potential benefits

on glucose homeostasis. Indeed, nu-

merous studies conducted in individ-

uals exposed to high or very high al-

titude from 10–90 days have not

reported hyperglycemia (23, 24, 26,

28, 32–35), regardless of whether

they were exposed to simulated (hy-

pobaria and hypoxia) or natural al-

titude. Moreover, some of these

studies show evidence that pro-

longed exposure to altitude may

lower glycemia (24, 28, 32). Figure 3

depicts the different fasting glycemia

variations in response to short and

prolonged exposure to high altitudes

in humans. In fact, acclimatization

to high altitude appears to increase

the fuel dependence on blood glu-

cose not only in the human skeletal

muscle (28, 36, 37) but also in the

heart muscle (38). This mechanism

may offer a more efficient fuel me-

Figure 2.

Figure 2. Glycemia profile during an iv insulin tolerance test performed at 150 m (normobaric

normoxia) and after acute exposure to simulated altitude (hypobaric hypoxia) at 3200 m. Male

subjects (BMI, 26 � 3.53 kg/m2 [mean � SD]) were in an approximately 15-hour fasting state

before the commencement of the test (O. Woolcott, unpublished data). *, P � .01; **, P �

.001; ***, P � .05, hypobaric hypoxia vs normobaric normoxia.

doi: 10.1210/er.2014-1063 edrv.endojournals.org 151
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tabolism (of glucose) in response to hypoxia, as compared

with fatty acid oxidation (39).

III. Glycemia and Insulinemia Among
Highlanders

There is compelling evidence for lower fasting glycemia in

clinically healthy residents living between 3000 and

4500 m, compared with residents living below 500 m. This

difference has been reported in men (40–44), nonpreg-

nant women (45–47), pregnant women (47, 48), nondi-

abetic subjects (40, 45, 48), and also in neonates (48) and

appears to be independent of body mass index (BMI) (40,

45, 48). Likewise, individuals living at 3200 m have been

shown to have lower 12-hour blood glucose profiles com-

pared with individuals living near sea level (40). From

available data (38, 41–43, 49), we have estimated a me-

dian fasting plasma glucose concentration of 81.6 mg/dL

(interquartile range, 72.2–81.8 mg/dL) for adult males

living above 3000 m, whereas in residents from low alti-

tude the estimated value was 91.2 mg/dL (81.9–95.4 mg/

dL). In nonpregnant adult females, the median fasting

plasma glucose was estimated to be 71.7 mg/dL (68.4–

88.7 mg/dL) and 85.9 mg/dL (82.8–93.8 mg/dL), for res-

idents living above 3000 m and those from low altitude,

respectively (45–47).

Additional compelling evidence of lower fasting glyce-

mia at higher altitudes comes from a large clinical study

conducted in a nationally representative sample from

Peru, including adult subjects of both sexes, with or with-

out diabetes (50). This study showed an inverse associa-

tion between fasting glycemia and altitude: 85 � 26.6

mg/dL (mean � SD) at � 1000 m (n � 2425); 83 �

14.4 mg/dL between 1000–2999 m (n � 808); and 78.8 �

17.9 mg/dL at � 3000 m (n � 959). It is important to note

that although populations from these three altitude bands

had comparable mean age, BMI was significantly lower at

higher altitudes. However, as pointed out before, indepen-

dent studies have shown lower glycemia at high altitudes in

BMI-matched individuals (40, 45, 48). Nevertheless, it is un-

clear whether the lower glycemia at higher altitudes reported

among Peruvian adult individuals could be explained by dif-

ferences indiet,physicalactivity,or familyhistoryofdiabetes

mellitus.

The preponderance of the evidence supports better gly-

cemic control at higher altitudes. However, a few studies

have reported no significant differences in fasting glycemia

between lowlanders and highlanders (26, 38, 49, 51, 52),

although a trend for a lower glycemia at higher altitudes

was observed in most of these studies (38, 49, 51, 52). One

should note that virtually all studies showing lower gly-

cemia at higher altitudes have been conducted in Andean

populations. Therefore, further studies are needed to de-

termine whether differences in glycemia exist between

lowlanders and highlanders from other regions of the

world. For example, no association between fasting gly-

cemia and altitude has been reported among Indian indi-

viduals (26). In that regard, there is good evidence that

there are some genetic differences, for example between

Andeans and Tibetans (53, 54), including those in path-

ways known to affect glucose metabolism (55).

A. How reliable are the measurements of plasma

glucose at high altitudes?

It has been argued that the lower reported glucose levels

observed at higher altitudes are the result of methodological

Figure 3.

Figure 3. Differences in fasting venous glycemia in response to short and prolonged exposure to high altitudes in nondiabetic humans. Plots were

created by using reported glycemia values from studies conducted in lowlanders exposed for short (1–9 d) (21, 22, 24, 25, 27, 28, 264–266) and

prolonged (10–90 d) (23, 24, 26, 28, 32–35) periods to high altitude and very high altitude, under simulated (hypobaria and hypoxia) or natural

conditions. Columns and bars are medians and interquartile ranges, respectively.
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artifacts. There is strong evidence demonstrating the incon-

sistency of the performance of portable blood glucose meters

in the presence of low oxygen tension (56–61) and low am-

bient temperatures (56, 62). Even glucose-dehydrogenase-

based glucose meters, which have been shown to be more

accurate at high altitudes (57, 63, 64) due to the insensitivity

of glucose dehydrogenase to changes in O2 tension (65, 66),

are still prone to error in low ambient temperatures (56). In

addition, an increased number of red blood cells may also

affect glucose readings in blood glucose meters (67, 68), due

to mechanical impairment of the diffusion of plasma into the

reagent membrane (69).

Another potential artifact is an accelerated ex vivo gly-

colysis (70, 71). Elevated red or white blood cell mass,

independent of altitude, may result in pseudohypoglycemia

(70, 71). This has also been demonstrated in individuals liv-

ing at high altitudes (72), explaining the substantial differ-

ences inmeasuredglucoseconcentrations inplasmavswhole

blood from the same individual (41, 43) (Figure 4).

For the reasons explained before, glucose measure-

ments in plasma samples are strongly recommended (73,

74). Studies comparing fasting glycemia between low and

high-altitude populations have used different methodol-

ogies (Somogyi-Nelson, Folin-Malmros, Saifer-Gersten-

feld, glucose-oxidase based method, and hexokinase-glu-

cose-6-phosphate dehydrogenase-coupled enzyme assay)

(40–45, 48, 75), including methods that are potentially

prone to error due to hypoxia, cold temperature, and

erythrocytosis (increased red blood cell mass). Almost all

of these studies have shown a lower glycemia at higher

altitudes. However, the lower fasting glycemia in individ-

uals livingathigheraltitudeshasbeenconfirmed inplasma

samples (41, 42, 45, 46, 48, 75, 76). Moreover, these dif-

ferences have also been found in plasma samples collected

at low and high altitudes and later analyzed at sea level

(45). Thus, there is little doubt that fasting glycemia is

lower at high altitudes. The question that remains is why?

B. Does insulin explain the lower glycemia in

highlanders?

Because blood glucose levels are tightly regulated by

insulin, it is possible that the lower glycemia among high-

landers may be explained by higher plasma insulin con-

centrations. Lower (45, 47, 48), similar (40, 41), or higher

fasting plasma insulin (26) has been reported in highland-

ers as compared with lowlanders. However, age- and

BMI-matched studies do not support hyperinsulinemia as

a cause of the lower glycemia (40, 45). Moreover, similar

fasting plasma levels of C-peptide, a marker of insulin

release (77, 78), and lower plasma insulin levels have been

reported in nonpregnant women from high altitude as

compared with lowlanders, despite higher BMI (47), sug-

gesting higher hepatic insulin extraction in female high-

landers. It is unlikely that the discrepancies on insulin dif-

ferences between lowlanders and

highlanders among studies were ex-

plained by the assay method because

RIA was used in most of the studies

(26, 40, 41, 45, 47).

C. Is the lower glycemia at higher

altitudes acquired?

Although numerous studies sup-

port the hypothesis that individuals

who live at higher altitudes have

lower fasting glycemia, little is

known as to whether this phenome-

non also occurs in individuals who

are natives of sea level areas but mi-

grated to or permanently live at high

altitudes. There are some studies that

support the idea that lower fasting

glycemia may be an acquired trait.

Lowlanders exposed to very high

and extreme altitude for 3–8 weeks

showed a significant reduction in

fasting glycemia (79, 80). Similar

findings have been reported in low-

landers chronically exposed to very

Figure 4.

Figure 4. Differences in fasting venous glycemia from humans living at low altitudes compared

with those living at high altitudes. Figure was generated using reported values from studies that

measured plasma glucose (38, 41–43, 45, 46, 75) and whole-blood glucose (26, 40, 41, 43,

123). Columns and bars are medians and interquartile ranges, respectively.
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high altitude for 24 months, independent of physical ac-

tivity (44). Whether a decrease in glycemia can be attained

in a relatively short time in the general population at mod-

erate altitudes could have potential implications for treat-

ing diabetes.

The benefit of living at high altitudes on glucose me-

tabolism appears to dissipate with migration to sea level.

These observations were first reported by Carlos Monge-

Cassinelli, who found similar fasting glycemia between

natives of the coast living at sea level and natives of the

Andes who were residing at sea level for at least 1 year (81).

Another study reported that highlanders who lived for 2

years at sea level had glycemia similar to native residents

of sea level (43). Collectively, these studies indicate that

prolonged exposure to high altitude may lower glycemia

in lowlanders, whereas highlanders may increase their gly-

cemia when moving to low altitude, suggesting an ac-

quired process.

IV. Endogenous Glucose Production at High
Altitude: Role of the Liver

The mechanism(s) that may explain the lower fasting gly-

cemia at higher altitudes is little understood. In the post-

prandial state, blood glucose concentration depends on

glucose entry into the bloodstream from diet and endog-

enous sources, primarily the liver, and also depends on

peripheral glucose disposal (glucose uptake), primarily by

the skeletal muscle (82). However, in the fasting state,

blood glucose is supplied primarily by the liver (80%) and

to a lesser extent by the kidney (20%) (83), with uptake by

the central nervous system. Therefore, it is possible that

the lower fasting glycemia among highlanders could be

determined by a lower glucose production in the liver.

A. Hepatic glucose output (HGO) in lowlanders exposed

to high altitude

The widely accepted method to assess HGO is the iso-

tope dilution method (84, 85). To date, no study has as-

sessed HGO in individuals permanently living at high al-

titude. Intravenous [6,6-2D]glucose infusion experiments

in male lowlanders have shown that acute exposure to

very high altitude increases HGO, as measured by the rate

of glucose appearance, compared with pre-exposure val-

ues (1.99 � 0.11 vs 1.47 � 0.19 mg�kg�1
�min�1, respec-

tively) (86). Conversely, after 7 days of exposure to very

high altitude, HGO was similar to pre-exposure values

(21), as assessed by the euglycemic hyperinsulinemic

clamp technique (87). In both studies, HGO was associ-

ated with plasma epinephrine concentrations (21, 86).

These results further support the idea that short-term ex-

posure to very high altitude causes a transient hypergly-

cemia (in which sympathetic activation is likely to be in-

volved) that is attenuated as the exposure continues.

However, the question remains as to whether individuals

permanently living at high altitudes have lower HGO

compared with lowlanders.

B. Role of glucagon among highlanders

HGO regulation is complex, and it involves a close

feedback among glucagon, nonesterified fatty acids, insu-

lin (88), and neural input (89). Glucagon, fatty acids, and

catecholamines stimulate HGO (90), whereas insulin sup-

presses HGO (91–93). Studies performed on highlanders

using the iv glucagon tolerance test have shown a lower

hyperglycemic response to glucagon as compared with

lowlanders (94, 95). This may be due to lower endogenous

glucose production, primarily the HGO, rather than renal

glucose output, because the latter is not affected by glu-

cagon (96, 97) Nevertheless, a major limitation in the in-

terpretation of the iv glucagon tolerance test is that en-

dogenous insulin release will occur as a compensation of

the glucagon-induced hyperglycemia (98), unless insulin is

experimentally suppressed. Therefore, this approach may

confound the contribution of the liver due to concomitant

insulin-mediated glucose uptake in the skeletal muscle.

An intriguing finding is lower fasting glycemia and

higher fasting glucagonemia in healthy natives from the

Andes compared with Australian Caucasians (23), raising

the possibility that highlanders could have lower hepatic

glucagon sensitivity, which could result in lower HGO.

C. Role of hepatic glycogen content

Studies in rodents chronically exposed (3–8 mo) to nat-

ural and simulated very high altitude have shown a con-

siderable reduction (by �50%) in hepatic but not muscle

glycogen content (99–101), probably as a consequence of

reduced activity of gluconeogenic enzymes (100). In fact,

the decrease in hepatic glycogen content was accompanied

by a significant reduction in glycemia (99). Moreover,

HGO is directly related to liver glycogen content in hu-

mans (102) and rats (103), suggesting that liver glycogen

could contribute to the lower blood glucose among high-

landers. However, it cannot be ruled out that low blood

glucose may cause a decrease in liver glycogen content.

Further studies are needed to elucidate the contribution of

the liver to glucose regulation among highlanders.

V. Effect of Altitude and Hypoxia on the
Skeletal Muscle

Because fasting plasma glucose levels are determined by a

balance between HGO (primarily) and whole-body glu-
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cose disposal, the possibility that a higher glucose disposal

contributes to the lower fasting glycemia in highlanders

has to be considered. In fact, in the fasting state, the non-

insulin-mediated glucose disposal accounts for approxi-

mately 70–75% of the whole-body glucose disposal in

humans (104, 105). Although no study has quantitatively

estimated the noninsulin-mediated glucose disposal or the

insulin-mediated glucose disposal (insulin sensitivity) in

highlanders, there is evidence supporting a higher whole-

body glucose disposal in residents of high altitudes.

A. Short-term effects of altitude and hypoxia in vivo

1. Effect of altitude on glucose disposal in lowlanders

Although some human studies have shown improved

oral glucose tolerance after exposure to high altitude (106,

107), such findings do not unequivocally indicate a higher

glucose disposal because glucose profile changes during

oral glucose tolerance test are affected by many factors,

including gastrointestinal motility, rate of glucose absorp-

tion (108, 109), and incretin hormones (110, 111). In fact,

experiments with isotope-labeled glucose have shown a

decrease in the rate of glucose disappearance after 2- to

10-day exposure to very high altitude (21, 32). Con-

versely, more prolonged exposure to very high altitude

appears to increase glucose disposal (28). These findings

are also consistent with the studies showing a transient

hyperglycemia in the lowlander exposed short term to

high altitudes.

2. Effect of hypoxia on insulin sensitivity in lowlanders

Because hypoxia is a key factor associated with alti-

tude, examining the short-term effect of hypoxia on insu-

lin sensitivity in vivo may help to explain the glucose reg-

ulation in the highlander. Studies in healthy individuals

(112, 113) were designed to substantially reduce periph-

eral oxygen saturation (�85%) by administration of hy-

poxic air (�5% O2). The latter studies showed a decrease

in insulin sensitivity as assessed by the glucose infusion

rate during euglycemic hyperinsulinemic clamp (87), the

“gold standard” method, and the mathematically based

“minimal model” (114). Conversely, mild hypoxia (13–

15% O2) improved insulin sensitivity in type 2 diabetic

subjects (�2.3 � 10�4/min [mU/L] and �1.4 � 10�4/min

[mU/L], hypoxia and normoxia, respectively) as assessed

by the minimal model (115). Likewise, mild hypoxia has

been shown to increase glucose infusion rate by approx-

imately 20% (from �8.3 to 9.2 mg/kg/min) in obese sub-

jects (116). Moreover, mild hypoxia (13% O2) has been

shown to decrease glycemia in type 2 diabetic subjects

(117). These findings suggest that severe hypoxia, associ-

ated with a dramatic reduction in peripheral oxygen sat-

uration, may impair insulin sensitivity, whereas mild hyp-

oxia, which is associated with a more moderate reduction

in peripheral oxygen saturation, may improve insulin

sensitivity.

3. Effect of hypoxia on insulin sensitivity in animals

A study conducted in mice breathing hypoxic air (10%

O2) for 4 weeks showed an increase in insulin sensitivity,

concomitant with a significant reduction in fasting glyce-

mia (118). Likewise, dogs breathing 8% O2 had an in-

creased rate of whole-body glucose disappearance and leg

glucose uptake, although fasting glycemia did not change

(119). In addition, perfusion experiments in rat hind limb

under anoxic conditions have also shown higher glucose

uptake (120, 121). Together, these studies further support

an important beneficial effect of prolonged hypoxia on

insulin sensitivity. However, the dissociation is still un-

clear between the changes in insulin sensitivity and the

fasting glycemia after acute exposure to hypoxia.

B. Prolonged effects of altitude: evidence in highlanders

Although the evidence presented so far clearly shows

that short-term exposure to high altitude and hypoxia may

improve glucose disposal in the lowlander, this does not

prove a higher glucose disposal in the highlander.

1. Intravenous glucose tolerance

Emilio Picón-Reátegui was one of the pioneer research-

ers who systematically studied glucose metabolism in An-

dean residents of very high altitude. One of his most im-

portant contributions was to demonstrate a higher glucose

disposal in the highlander (122). Male subjects residing at

4540 m showed a more rapid decline of glycemia during

the iv glucose tolerance test as compared with lowlanders

(122). Although the quantity of glucose administered was

not corrected for body weight, reanalysis of available data

from this study (122) shows that the differences in glucose

profile remained significant when groups were matched

for BMI (Figure 5). Using the same test, other investigators

have confirmed the previous findings in males and females

(42, 46).

2. Oral glucose tolerance

Studies in Andean and Indian healthy populations liv-

ing at very high altitude have shown that these individuals

have a better oral glucose tolerance compared with their

fellow citizens living at low altitude (44, 123). Among

obese individuals, it appears that highlanders living at

3200 m also have a better oral glucose tolerance as com-

pared with sea-level residents (49), although it is not clear

whether these differences are explained by differences in

BMI between groups. Nevertheless, these findings confirm

doi: 10.1210/er.2014-1063 edrv.endojournals.org 155

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
d
rv

/a
rtic

le
/3

6
/2

/1
4
9
/2

3
5
4
6
4
9
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

7
 A

u
g
u
s
t 2

0
2
2



the results from studies using the iv glucose tolerance test

in highlanders.

3. Arterial-venous glucose difference

The difference in arterialized venous-venous (periph-

eral) glucose concentration, which is proportional to the

rate of glucose disposal assessed by tracer-labeled glucose

(124), has been reported to be greater in men and pregnant

women living at high elevations as compared with low-

landers (48, 123), indicating that highlanders have a

higher rate of glucose disposal in peripheral tissues than

the rate of endogenous glucose output.

4. Insulin tolerance

Residents of very high altitude appear to have a more

sluggish return of glycemia to baseline from 60 to 120

minutes after iv insulin administration during the insulin

tolerance test, as compared with lowlanders (125). The

major problem in the assessment of whole-body insulin

sensitivity with this test (126, 127) is that prolonged hy-

poglycemia may lead to a counter-regulatory response,

confounding the effect of insulin (128).

5. Homeostasis model assessment (HOMA)

A higher insulin sensitivity has been reported in women

residing at very high altitude, as compared with lowland-

ers (45, 47), using the HOMA index

(129), a surrogate measure of insulin

sensitivity. However, because calcu-

lations are based on fasting blood in-

sulin and glucose, the HOMA index

could give inaccurate estimations of

insulin sensitivity when fasting gly-

cemia is very low (130). Thus,

HOMA estimations in high altitude

populations should be interpreted

with caution.

6. Glucose uptake assessed by posi-

tron emission tomography

Noninvasive methods are also

useful tools to assess glucose uptake

in the human body (131). Regional

myocardial uptake of 18F-labeled

2-fluoro-2-deoxy-D-glucose mea-

sured by positron emission tomogra-

phy revealed a higher uptake in

Quechua subjects living above

3000 m compared with lowlanders

(38). Using the advantages of this

technique may help to determine

whether specific differences in glu-

cose uptake exist in skeletal muscle,

adipose tissue, or the liver between lowlanders and

highlanders.

C. Effects of anoxia and hypoxia on glucose uptake in

vitro

Previously, we have discussed the evidence in vivo of

higher glucose disposal and increased insulin sensitivity in

response to high altitude and mild hypoxia (28, 115, 116).

In this section, we will discuss additional supporting evi-

dence from in vitro studies in rodent and human skeletal

muscle. We will not discuss the mechanisms by which al-

titude and hypoxia affect glucose metabolism because this

topic has been extensively reviewed elsewhere (132–135).

However, it should be mentioned that hypoxia favors the

rate of glycolysis (132, 134, 136, 137), which may con-

tribute to the elevation of plasma lactate levels seen in

individuals exposed to high altitude (138–140). Never-

theless, whether glucose enters the glycolytic pathway or

is oxidized to generate ATP, a higher glucose uptake may

contribute to the lower glycemia at high altitude.

1. Glucose uptake under anoxia conditions in vitro

Philip Randle was one of the pioneers who examined

the role of oxygen tension on mammal cell glucose uptake.

His work on rat diaphragm muscle led to the conclusion

Figure 5.

Figure 5. Intravenous glucose tolerance test in subjects residing at 4540 m (n � 7) and subjects

residing at 150 m (n � 8) above sea level. Figure was created using available data from Ref. 122,

including only subjects with lean BMI (�25 kg/m2). Note the pronounced and faster decrease of

glycemia in the higher altitude group after glucose administration (at min 0). Symbols and bars

represent mean and SE values, respectively. *, P � .05; **, P � .01.
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that anaerobic conditions increase cell glucose uptake

(141). These findings were confirmed by Randle and col-

leagues (142) and by Wheeler (143) in the heart muscle

from rats. Later, numerous studies have also reported in-

creased glucose uptake in response to very acute exposure

to anoxic conditions (gas mixture, 95% N2/5% CO2/0%

O2) in the skeletal muscle of rodents (144–149). Notably,

the enhanced glucose uptake induced by anoxia has also

been reported in the human skeletal muscle from lean and

obese subjects (150) and nonobese type 2 diabetic subjects

(151). Moreover, the effects of anoxia on glucose uptake

in human and rat skeletal muscle have been shown to be

additive to that of insulin (144, 150), but not contractile

activity, suggesting that anoxia and contractile activity

may stimulate glucose uptake via similar mechanisms

(152).

2. Glucose uptake under hypoxia conditions in vitro

Although it is clear that anoxia stimulates glucose up-

take in vitro (141–151), few studies have addressed the

effect of hypoxia (more clinically relevant) on glucose up-

take in the skeletal muscle.

To determine the effect of hypoxia on glucose uptake in

vitro, experimental studies have exposed the whole or-

ganism to hypoxic air. For example, mice exposed to nor-

mobaric hypoxia (10% O2) for 4 weeks showed increased

soleus glucose uptake in vitro, but only in the presence of

insulin (153), suggesting that hypoxia alone may not be

sufficient to promote peripheral glucose uptake. In hu-

mans, hypoxic air (�15% O2) for 10 nights resulted in

increased insulin-independent glucose uptake in skeletal

muscle (116). Conversely, very short exposure (�10–22

min) to hypoxic air (11.4–14% O2) did not have an effect

on human skeletal muscle glucose uptake (154), including

intracellular glucose content (155), suggesting that the ef-

fect of hypoxia on glucose uptake is time dependent.

3. Effects of anoxia and hypoxia on glucose transporter 4

(GLUT4) translocation and AMP-activated protein kinase

(AMPK) activity

The possible mechanisms by which anoxia/hypoxia

may stimulate glucose uptake have been reviewed else-

where (156, 157). However, it is important to point out

that the GLUT4 plays a major role in insulin-dependent

muscle glucose transport when translocated from intra-

cellular pools to plasma membrane (158). Increased

GLUT4 translocation and protein content of GLUT4 are

also likely the main mechanisms by which anoxia stimu-

lates glucose uptake in rodent skeletal muscle and cardi-

omyocytes (143–145, 159, 160). An increased GLUT4

protein content in human skeletal muscle in response to

anoxia has also been reported in human skeletal muscle

(151).

Skeletal muscle from rats breathing hypoxic air (9–

14% O2) for 4 weeks also showed increased GLUT4 pro-

tein content (161). These findings, however, do not an-

swer the question as to whether hypoxia per se has a direct

effect on GLUT4 content because many other possible in

vivo effects may be activated or inhibited when animals

breathe hypoxic air. For example, epinephrine has been

shown to stimulate GLUT4 translocation in the absence of

insulin (162).

Augmented AMPK activity in the skeletal muscle stim-

ulates glucose transport (157). Recent evidence suggests

that hypoxia/anoxia-induced glucose uptake is exclu-

sively coupled to the AMPK-dependent pathway (157,

163), in contrast to muscle contraction, which activates

both AMPK-dependent and AMPK-independent path-

ways (144, 150, 152), challenging the initial concept that

anoxia and muscle contraction stimulate glucose uptake

under the same mechanism.

In summary, there is strong evidence suggesting that

anoxia stimulates glucose uptake by promoting GLUT4

translocation via AMPK-dependent pathway. However,

little is known about the direct effect of hypoxia on glucose

uptake and the possible mechanisms involved. Moreover,

whether GLUT4 and the AMPK pathway contribute to the

greater glucose disposal in residents of high altitudes re-

mains unknown.

VI. Role of the Gastrointestinal Tract

Although intestinal carbohydrate absorption in humans

may decrease at altitudes over 5700 m (164, 165), this

threshold is too high to explain the better oral glucose

tolerance in residents living at altitudes below 5000 m (44,

123). Moreover, if exposure to very high altitude causes

important intestinal malabsorption, then alteration in the

absorption of other nutrients should be expected. How-

ever, studies have found no evidence of protein or fat ma-

labsorption in humans exposed to altitudes below 5000 m

(166–168).

The evidence to support a possible contribution of gut

hormones to the better oral glucose tolerance is limited. In

fact, gut hormones have been studied only under short-

term exposure to high altitudes. In nonobese individuals

passively exposed to high elevations for short periods,

fasting plasma ghrelin and cholecystokinin have been

shown to decrease below baseline values (169–171), most

likely contributing to the transient loss of appetite, a very

common symptom seen during short-term altitude expo-

sures. In contrast, plasma levels of peptide YY, an anorex-
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igenic hormone, does not appear to be involved in the

anorexic effect of altitude exposure (170, 172). Glucagon-

like peptide 1 (GLP-1) and ghrelin are of particular interest

because these hormones have opposite effects on insulin

secretion and food intake. GLP-1 enhances insulin secre-

tion and suppresses appetite (173, 174). Human studies

have shown that plasma fasting GLP-1 levels are not al-

tered after exposure to hypoxia or simulated very high

altitude (175, 176), suggesting that the increased oral glu-

cose tolerance in lowlanders after altitude exposure (106,

107) may not be related to incretin effects. Future studies

are required to elucidate the mechanisms involved in the

greater oral glucose tolerance among highlanders.

VII. Role of the Adipose Tissue

The breakdown of stored lipids in adipose tissue results in

the release of fatty acids into the bloodstream. Elevated

fatty acid levels may stimulate gluconeogenesis and gly-

cogenolysis, resulting in fasting hyperglycemia (177).

Thus, it is possible that the lower fasting glycemia may be

explained by lower fatty acids levels. However, studies

have reported higher (41), lower (38), or similar (22, 178)

plasma fatty acid levels in highlanders as compared with

lowlanders. These discrepancies among studies are prob-

ably explained by differences in methodology. Fatty acid

values are highly influenced by BMI, the type of diet, fast-

ing duration, and lipolysis ex vivo (179–182), and much

of this latter information is not described. Careful studies

are required to determine whether highlanders have lower

fatty acid levels.

Although the adipose tissue secretes numerous hor-

mones (183), of which adiponectin has been strongly as-

sociated with improved systemic insulin sensitivity (184),

this hormone has not been studied in the highlander. How-

ever, it is interesting that adiponectin is increased after

subacute exposure to very high altitude (185, 186).

VIII. Possible Link Between Hypoxia-Inducible

Factor (HIF) and Glucose Homeostasis

Numerous studies have shown that living above 1500 m

may have beneficial effects on glucose homeostasis. How-

ever, the mechanisms by which altitude per se signals the

cascade of cellular events to produce such physiological

effects are little understood. In previous sections, we have

discussed studies examining the isolated effect of hypoxia

on insulin sensitivity, glucose disposal in vivo (112, 113,

115–119, 154), and muscle glucose uptake in vitro (116,

153), but a direct proof that hypoxia mediates the effects

of altitude on glucose homeostasis is still missing.

A. Genetic adaptation of highlanders to hypoxia

Data from genetic studies support the hypothesis that

hypoxia could mediate, at least in part, the effects of al-

titude on human physiology, including glucose homeosta-

sis. Some alleles of genes related to hypoxia have a higher

prevalence among highlanders as compared with lowland-

ers (187, 188). At the cellular level, hypoxia inhibits ox-

idative phosphorylation and stimulates oxygen signaling

pathway through the HIF-1� (156). HIF is a DNA-binding

transcription factor associated with specific nuclear co-

factors and exists as three isoforms in humans: HIF-1�,

HIF-2�, and HIF-3�. Under hypoxic conditions, HIF-1

regulates the expression of several genes that mediate

adaptive responses to low oxygen tension in different tis-

sues. Whereas HIF-1� is widely expressed in the body,

HIF-2� expression is limited to fewer tissues. However,

HIF-2� may be equally essential in the regulation of the

hypoxia response (189–192).

It is noteworthy that a higher frequency of a single-

nucleotide polymorphism at EPAS1 gene (HIF-2�) has

been reported among Tibetans from China living above

4300 m as compared with Beijing residents living below

2000 m (87 and 9% frequency, respectively) (187). Similar

increased frequency of single-nucleotide polymorphisms

related to the HIF pathway (PPARA) has also been re-

ported in Ethiopian residents at 3200 m compared with

Ethiopians living at low altitude (188), suggesting that

high altitude populations, regardless of their ethnicity,

may display a genetic adaptation to hypoxia via the HIF

pathway.

Interestingly, HIF-1� expression has been found to be

60% down-regulated in the skeletal muscle of Tibetan

residents of very-high altitude regions as compared with

Nepali lowlanders (193). Likewise, genes involved in the

glycolytic pathway were down-regulated (193), suggest-

ing a negative feedback mechanism in conditions of

chronic exposure to hypoxia. In fact, chronic hypoxia ex-

posure may result in an adaptive (evolutionary) mecha-

nism that could be associated with the “altitude pheno-

type” in these populations. However, the persistent

stimulus (hypoxia) may down-regulate typical responses

to hypoxia as a protective mechanism. This phenomenon

has been consistently observed in sea-level residents accli-

mated to high altitude, where the initial hyper-response in

pulmonary ventilation and blood lactate accumulation af-

ter altitude exposure is followed by a more attenuated

response in magnitude if the stimulus continues, as re-

viewed elsewhere (2, 194, 195). Another possible expla-

nation is that high altitude residents may have increased
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sensitivity to chronic hypoxia in the skeletal muscle; there-

fore, increased expression of genes related to hypoxia may

not be needed. Further discussion related to the changes

over time in gene and protein expression in response to

exposure to hypoxia or altitude has been published else-

where (196–199). Whether hypoxia is the major determi-

nant of the genetic adaptation to high altitude remains to

be explored. We believe that hypobaria (low atmospheric

pressure) must also play an important role in the genetic

adaptation to high altitudes because many functions in the

human body are regulated via baroreceptors (200).

B. HIF and glucose uptake: evidence in vitro

Data from in vitro studies may also provide some clues

as how hypoxia may mediate the effects of altitude on

glucose homeostasis in the highlander. Hypoxia (14.5%

O2) increases both HIF-1� and GLUT4 mRNA expression

in the human skeletal muscle (201). Moreover, muscle

contraction may induce transcriptional activation of

SLC2A4 (the gene encoding the protein GLUT4) together

with increased expression of HIF-1� in rat skeletal muscle

(202). Furthermore, a recent study in skeletal muscle

clonal cells has shown that HIF-1� is involved in the reg-

ulation of glucose metabolism stimulated by insulin.

Knockdown of HIF-1� expression in these cells resulted in

a defect in insulin-stimulated glucose uptake due to im-

paired GLUT4 translocation (203). Together, these find-

ings suggest that HIF may not only signal the effect of

hypoxia on glucose uptake but also that HIF may be a

constitutive element in the cell signaling of glucose uptake

in normoxic conditions. This concept is supported by the

findings from a study in individuals with Chuvash poly-

cythemia (204), a congenital disorder manifested by an

abnormal elevation in the number of red blood cells sec-

ondary to elevated expression of HIF genes due to a mu-

tation in the von Hippel-Lindau gene. These individuals,

despite residing at sea level, have lower blood glucose lev-

els and glycated hemoglobin A1c (204).

IX. Diabetes and Obesity at High Altitudes

Type 2 diabetes results from an inadequate regulation of

glucose homeostasis. Interestingly, there is growing evi-

dence of a lower prevalence of diabetes at higher altitudes

(50, 205–208). Likewise, obesity, a well-established risk

factor for type 2 diabetes (209, 210), is less prevalent in

populations from high altitudes (211). In this section we

will discuss whether the lower prevalence of diabetes and

obesity at higher altitudes is independent of potential con-

founders. In addition, we will argue about the possible

explanations for this association.

A. Association between obesity and altitude

1. Obesity in adults

Independent studies have shown an inverse relation-

ship between altitude and prevalence of obesity in repre-

sentative adult populations from the Andes and Tibet (50,

207, 212, 213). Moreover, a retrospective study has con-

cluded that individuals stationed at higher altitudes ap-

pear to have lower hazard rates for obesity (214). Table 1

summarizes the studies conducted in several countries that

estimated the prevalence of obesity in representative pop-

ulations residing at � 1500 m (50, 207, 208, 212, 213,

215–221). It appears that obesity prevalence is inversely

proportional to altitude. This relationship has been con-

firmed in a recent study (see Figure 1 in Ref. 208). Notably,

this inverse association between obesity prevalence and

altitude has been reported to be independent of lifestyle

(208, 213, 222), ethnicity (208, 222), ambient tempera-

ture (222), air pollution, health insurance coverage, in-

come, emigration rate, and latitude (208).

2. Obesity in children

Lower prevalence of obesity at higher altitudes has also

been reported among children in Argentina (223, 224),

with no differences in prevalence between girls and boys

(223). Surprisingly, children residing at very high altitude

did not show differences in fasting glycemia compared

with those residing at low altitude (224). This latter find-

ing suggests that the differences in fasting glycemia be-

tween lowlanders and highlanders may vary with age, pos-

sibly with a late onset, further supporting the concept of an

acquired trait. Intriguingly, a study of a small cohort (non-

representative) of Arabian children found a higher prev-

alence of obesity at high altitude (225), raising the possi-

bility that amongchildren, the inverse associationbetween

prevalence of obesity and altitude could depend on

ethnicity.

B. Possible factors contributing to the lower prevalence

of obesity

The effects of altitude exposure on energy metabolism,

weight loss, and obesity have been reviewed elsewhere

(198, 226, 227). However, most of the evidence discussed

in previous reviews originates from studies examining the

effect of short-term exposure to altitude on lowlanders.

Here we will mainly focus on studies conducted in

highlanders.

1. Energy expenditure and food intake

Although human studies exploring the effect of sub-

acute exposure to high and very high altitude on energy

expenditure have shown higher basal metabolic rate

(228–231), associated with lower BMI (232), studies
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comparing basal metabolic rate between lowlanders and

highlanders have reported no differences (233, 234). It

would be informative to determine whether differences

exist in total energy expenditure or nonbasal metabolic

rate. For example, one possibility is that unintentional

physical activity, which is also an important component of

total energy expenditure (235), could be increased among

highlanders because living at high altitude may require a

higher energy demand to walk in steep topographical ter-

rains. Because ambient temperature is inversely related to

geographical elevation (21), cold temperatures at high al-

titudes could favor increased thermogenesis. This is pos-

sible because many communities located at very high al-

titudes around the world lack the facilities to adjust the

temperature of their local environments (eg, home, work).

In a synergistic manner, thyroid hormones and cat-

echolamines induce thermogenesis (236). Although the

active forms of T3 (free T3) and T4 (free T4) and basal

norepinephrine have been reported to be higher in high-

landers (237–239), the interpretation of these findings is

difficult because it is not clear whether subjects were

matched for BMI or physical activity. A recent study ex-

amining the effect of chronic exposure to 4500–4800 m in

humans who reside near sea level showed persistent sym-

pathetic hyperactivation, as determined by heart rate vari-

ability, for up to 18 months of stay at very high altitude

(240). However, subjects had no changes in BMI. The

findings from these studies do not conclusively support or

refute higher energy expenditure in highlanders. What is

unquestionable is the higher energy expenditure after

short-term exposure to high altitudes (198).

Acute exposure to altitude induces loss of appetite

(241, 242), which may be related to increased leptin, an

Table 1. Prevalence of Obesity in Adult Populations Living at or Above 1500 m

First Author, Year (Ref) Population Altitude, m n Age, y

Diagnosis

Criteria

BMI,

kg/m2

Crude

Prevalence,

%

Age-

Adjusted

Prevalence,

%

Chen, 2011 (221) Lhasa, Tibet, China 3658–4200 1289 �18 N.A. �28 16.7

Malaga, 2010 (216) Lari, Peru 3600 74 �18 N.A. �30 8.7

Medina, 2006 (215) Arequipa, Peru 2390a 1878 20–80 WHO, 2000 �30 17.6

Mohanna, 2006 (217) San Pedro de Cajas, Peru 4100 102 �30 ATP III, 2002 �30 10.8

Negi, 2012 (220) Spiti Valley, India 3900 242 �20 Consensus, India �25 17.4

Spiti Valley, India 3100 171 �20 Consensus, India �25 35.7

Pajuelo-Ramirez, 2010 (50) Peru �3000 959 �20 WHO, 1997 �30 8.5

Peru 1000–2999 808 �20 WHO, 1997 �30 11

Peru �1000 2425 �20 WHO, 1997 �30 17.5

Schargrodsky, 2008 (219) Quito, Ecuador 2800 1638 25–64 ATP III, 2002 �30 16.3

Bogota, Colombia 2625 1553 25–64 ATP III, 2002 �30 18

Mexico City, Mexico 2240 1722 25–64 ATP III, 2002 �30 31

Barquisimeto, Venezuela 564 1848 25–64 ATP III, 2002 �30 25.1

Santiago, Chile 520 1655 25–64 ATP III, 2002 �30 26.6

Lima, Peru 153 1652 25–64 ATP III, 2002 �30 22.3

Buenos Aires, Argentina 10 1482 25–64 ATP III, 2002 �30 19.7

Seclén, 1999 (207) Huaraz, Peru 3052 77 �18 NIH-US, 1985 �27 18.3

Waiku, Amazon, Peru 600 54 �18 NIH-US, 1985 �27 0

Tarapoto, Amazon, Peru 333 90 �18 NIH-US, 1985 �27 17

Cuñumbuque, Amazon, Peru 300 101 �18 NIH-US, 1985 �27 10.9

Lima, Peru 123 158 �18 NIH-US, 1985 �27 22.8

Castilla, Peru 30 118 �18 NIH-US, 1985 �27 36.7

Segura, 2006 (212) Andes, Peru 3493a N.A. �18 N.A. �30 9.1

Andes, Peru 2351a N.A. �18 N.A. �30 8.7

Amazon, Peru 168.5a 1630 �18 N.A. �30 11.7

Coast, Peru 31.5a 7725 �18 N.A. �30 13.5

Shah, 2004 (218) Ghizer, Pakistan 1675–1980b 4203 �18 WHO, 2000 �30 2.3

Sherpa, 2010 (213) Lhasa, Tibet, China 3660 371 30–70 WHO, 2000 �30 9.7

Nepal 2900 119 30–70 WHO, 2000 �30 11.8

Nepal 1200 127 30–70 WHO, 2000 �30 19.7

Woolcott, 2014 (208) United States �1500 N.A. �20 ATP II, 1998 �30 30.6

United States �1500 N.A. �20 ATP II, 1998 �30 23.3

Abbreviations: ATP, Adult Treatment Panel; NIH-US, National Institutes of Health-United States; WHO, World Health Organization; N.A., information not available.

Studies were selected on the basis that they were conducted in at least one representative population residing at or above 1500 m.

a Median altitude of the cities sampled, using altitude values obtained online.

b Altitude range is provided elsewhere (268).
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anorexigenic hormone, and decreased ghrelin and chole-

cystokinin plasma levels (169–171). However, the asso-

ciation between leptin and altitude appears to be different

in individuals living at high altitudes because lower leptin

levels have been reported in this population (45, 243,

244), even when leptin values are normalized to body fat

mass (45). Because leptin is involved in thermoregulation,

the lower leptin values in residents of higher altitudes may

Table 2. Prevalence of Diabetes in Adult Populations Living at or Above 1500 m

First Author, Year (Ref) Population Altitude, m n Age, y

Diagnosis

Criteria Glycemia, mg/dL

Crude

Prevalence,

%

Age-

Adjusted

Prevalence,

%

Al-Habori, 2004 (249) Sana, Yemen 2300 498 25–65 WHO, 1999 �126 or 2-h OGTT �200 4.6

Chen, 2011 (221) Lhasa, Tibet, China 3658–4200 1289 �18 N.A. �126 or 2-h OGTT �200

or self-report

2.9

Faeh, 2009 (250) German-speaking

Switzerland

259–300 N.A. 40–84 Self-report 5.8

German-speaking

Switzerland

300–600 N.A. 40–84 Self-report 3.8

German-speaking

Switzerland

600–900 N.A. 40–84 Self-report 3.4

German-speaking

Switzerland

900–1200 N.A. 40–84 Self-report 4.0

German-speaking

Switzerland

1200–1500 N.A. 40–84 Self-report 4.3

German-speaking

Switzerland

1500–1960 N.A. 40–84 Self-report 5.1

Malaga, 2010 (216) Lari, Peru 3600 74 �18 N.A. �126 1.3

Negi, 2012 (220) Spiti Valley, India 3900 242 �20 N.A. �126 0.4

Spiti Valley, India 3100 171 �20 N.A. �126 4.1

Pajuelo-Ramirez,

2010 (50)

Peru �3000 959 �20 ADA, 1997 �126 0.9

Peru 1000–2999 808 �20 ADA, 1997 �126 1.6

Peru �1000 2425 �20 ADA, 1997 �126 2.9

Posadas-Romero,

1994 (248)

Mexico City,

Mexico

2255a 805 20–90 WHO, 1985 �140 or self-report 8.7

Schargrodsky,

2008 (219)

Quito, Ecuador 2800 1638 25–64 ADA, 2003 �126 or self-report 5.9

Bogota, Colombia 2625 1553 25–64 ADA, 2003 �126 or self-report 8.1

Mexico City,

Mexico

2240 1722 25–64 ADA, 2003 �126 or self-report 8.9

Barquisimeto,

Venezuela

564 1848 25–64 ADA, 2003 �126 or self-report 6.0

Santiago, Chile 520 1655 25–64 ADA, 2003 �126 or self-report 7.2

Lima, Peru 153 1652 25–64 ADA, 2003 �126 or self-report 4.4

Buenos Aires,

Argentina

10 1482 25–64 ADA, 2003 �126 or self-report 6.2

Seclén, 1999 (207) Huaraz, Peru 3052 77 �18 WHO, 1985 �140 or 2-h OGTT �200 1.3

Waiku, Amazon,

Peru

600 54 �18 WHO, 1985 �140 or 2-h OGTT �200 3.7

Tarapoto, Amazon,

Peru

333 90 �18 WHO, 1985 �140 or 2-h OGTT �200 4.4

Cuñumbuque,

Amazon, Peru

300 101 �18 WHO, 1985 �140 or 2-h OGTT �200 2.0

Lima, Peru 123 158 �18 WHO, 1985 �140 or 2-h OGTT �200 7.6

Castilla, Peru 30 118 �18 WHO, 1985 �140 or 2-h OGTT �200 6.7

Segura, 2006 (212) Andes, Peru 3493a N.A. �18 - Self-report 1.8

Andes, Peru 2351a N.A. �18 - Self-report 2.4

Amazon, Peru 168.5a 1630 �18 - Self-report 3.9

Coast, Peru 31.5a 7725 �18 - Self-report 4.3

Woolcott, 2014 (208) United States �1500 N.A. �20 - Self-report 9.1

United States �1500 N.A. �20 - Self-report 6.4

Abbreviations: ADA, American Diabetes Association; OGTT, oral glucose tolerance test; WHO, World Health Organization; N.A., information not available. Studies were

selected on the basis that they were conducted in at least one representative population residing at or above 1500 m.

a Median altitude of the cities sampled, using altitude values obtained online.
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represent an adaptive mechanism in response to colder

ambient temperatures. However, less clear is whether an

association between lower leptin levels and appetite exists

in the long term.

2. Poverty and nutrition

It can be argued that populations living at higher alti-

tudes may have lower incomes. Thus, the lower prevalence

of obesity at higher altitudes could be associated with

poverty. In fact, the lowest BMI values have been re-

ported among populations with the poorest wealth

quintiles (245). However, in the United States, for ex-

ample, the contribution of poverty to the lower preva-

lence of obesity at higher altitudes is not clear because

low income is less frequent at higher altitudes (208).

Moreover, the inverse association between obesity and

altitude has been reported to be independent of income

(208, 222).

As discussed earlier, there is no evidence suggesting in-

testinal malabsorption below 5000 m (166–168). There-

fore, it is unlikely that chronic malabsorption explains

differences in BMI between lowlanders and highlanders.

However, regional diet may vary considerably among

places located at different altitudes. For example, in the

Peruvian Andes, cereals constitute a major food ingredient

up to 3500 m, whereas at higher altitudes tubers, mainly

potatoes, constitute the main component of the diet (246).

Although the inverse association between altitude and

obesity remains while adjusting for self-reported fruit and

vegetable consumption (208, 222), it is possible that dif-

ferences in the consumption of other food products may

account for the lower prevalence of obesity in populations

living at higher altitudes.

C. Association between diabetes and altitude

The lower prevalence of diabetes at higher altitudes has

beenreported incertaingroups, includinghospital inpatients

(205) and soldiers (206), and also in the general population,

including large cohorts (207) and nationally representative

populations from Peru and the United States (50, 208). Con-

versely,a small report foundnoassociationbetweendiabetes

and altitude among Swiss individuals (247). However, 98%

of the studied population lived below 1200 m, undermining

the power to detect any association.

Table 2 summarizes the studies conducted around the

world estimating the prevalence of diabetes in represen-

tative populations located at � 1500 m (50, 207, 208, 212,

216, 219–221, 247–250). A trend for an inverse associ-

ation appears to exist between the prevalence of diabetes

and altitude. Indeed, this has been confirmed using coun-

ty-level data from a nationally representative population

of the United States (208). Remarkably, the odds of having

obesity and diabetes are approximately 25% and 12%

lower, respectively, in individuals living between 1500

and 3500 m than those living below 500 m, while adjust-

ing for multiple factors including self-reported food con-

sumption, physical activity, ethnicity, air pollution, health

insurance coverage, income, emigration rate, and latitude

Figure 6.

Figure 6. Hypothetical variability of fasting glycemia in nondiabetic humans exposed to natural high or very high altitude. It is possible that the

variability of glycemia could also be related to the magnitude of the elevation, with more pronounced changes in glycemia (lowering effect) and

faster shifts at higher altitudes. However, this is still speculative. Definitions of acute, subacute, and chronic terms are arbitrary. See Introduction

for explanation.
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(208). Because the latter study utilized data from a tele-

phone-based survey and diabetes was self-reported,

whether the inverse association between diabetes and al-

titude represents cases of type 1 or type 2 diabetes still

remains unknown.

D. Possible factors contributing to the lower prevalence

of diabetes

Because obesity is a known risk factor for type 2 dia-

betes (209, 210), the lower prevalence of obesity at higher

altitudes should explain the lower prevalence of diabetes

at higher altitudes. However, the lower odds of prevalent

diabetes at high altitude remained while adjusting for BMI

(208), suggesting that the inverse association between di-

abetes and altitude may not be accounted for obesity, al-

though it is possible that this association may be mediated

by body fat. There is also evidence that ethnicity and access

to health care may not account for this association (208,

251).

Figure 7.

Figure 7. Hypothetical schematic to explain the lower fasting glycemia in healthy individuals living at higher altitudes. The lower fasting glycemia

occurs despite similar or lower fasting insulin values as compared to lowlanders (40, 41, 45, 47, 48). In the fasting state, the liver is responsible for

maintaining relatively constant the fasting glycemia, contributing up to 80% of the total endogenous glucose production (83). Moreover, there is

evidence of a more rapid glucose disposal in highlanders after iv glucose administration (42, 46, 122). Based on these findings, and the evidence

of increased skeletal glucose uptake in response to anoxia/hypoxia (116, 144–151, 153), we propose that in the highlander, a lower hepatic

glucose output (open blue arrow) and a higher glucose disposal in the skeletal muscle (and probably in the adipose tissue) (solid blue arrows) may

account for the lower fasting glycemia as compared with the lowlander (black arrows). For clarity purposes, the substantial fraction of glucose

disposal in the liver and kidneys (259, 267) is not represented in the scheme. GI, gastrointestinal tract.
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There are some epidemiological studies that have found

a link between environmental factors and diabetes. There

is evidence of a possible link between vitamin D (and solar

radiation) and diabetes (252). Because solar ultraviolet

(UV)-B radiation increases proportionally to altitude (ap-

proximately by 7% every kilometer) (253), the possibility

that the lower prevalence of diabetes at higher altitudes

could be accounted for by solar radiation should be con-

sidered. However, this latter possibility seems to be un-

likely because administration of vitamin D2 in humans has

failed to modify insulin sensitivity (254), a key component

in the pathogenesis of diabetes. Moreover, a recent meta-

analysishasconcludedthatadministrationofvitaminD3had

no effect on incident diabetes (255).

Air pollution, predominantly fine particulate matter,

has also been linked to the pathogenesis of type 2 diabetes

(256, 257). Although the concentration of fine particulate

matter is lower at higher altitudes (258), the association

between diabetes and altitude remains after adjustment

for air pollution, including particle matter � 2.5 �m and

ozone levels (208).

It should be clear that the inverse association between

altitude and diabetes does not prove causality. How-

ever, the robust evidence in vivo of a lower glycemia

(40 – 43, 45– 48) and greater glucose disposal (38, 42,

46, 48, 122, 123) among individuals living at higher

altitudes, together with the evidence in vitro of a direct

stimulatory effect of anoxia on glucose uptake in the

skeletal muscle (144 –151), provides some biological

explanation for the lower prevalence of diabetes at

higher elevations.

X. Summary and Conclusions

Sudden exposure to high or very high altitude may initially

lead to fasting hyperglycemia. However, the acclimatiza-

tion process, as the exposure continues, may attenuate this re-

sponse. Conversely, chronic or permanent exposure to high al-

titudes may lower fasting glycemia and glycemia postglucose

challenge (40–48, 123), and it is likely to be acquired. The hy-

pothetical variability in fasting glycemia as a function of expo-

sure time to high altitudes is simplified in Figure 6.

The physiological changes in the human body that de-

termine the lower fasting glycemia among highlanders are

not fully understood. However, insulin is unlikely to be

involved. Studies showing higher glucagon levels in high-

landers and reduced hepatic glycogen content in rodents

chronically exposed to hypoxia suggest that the liver may

play a role. Less clear is the possible contribution of the gut

because most of the studies have focused on the short-term

exposure to high altitudes. To date, no study has assessed

HGO or peripheral insulin sensitivity in vivo in individuals

permanently living at high altitudes. However, there is

Figure 8.

Figure 8. Factors linked to obesity and diabetes. Although nonenvironmental factors have been shown to have a stronger association with obesity

and diabetes, several studies have confirmed a link between environmental factors and these clinical conditions. Among these factors,

geographical elevation has been associated with lower prevalence of obesity and diabetes, independent of several other potential factors (208,

213, 222).
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strong evidence in vivo of a greater glucose disposal during

iv glucose administration in permanent residents of high

altitudes (42, 46, 122). Moreover, the findings from in

vitro studies clearly show that virtual anoxia increases

glucose uptake in cultured skeletal muscle from rodents

and humans (144–151), most likely linked to increased

GLUT4 translocation and GLUT4 content, via the

AMPK-dependent pathway and HIF activation. How-

ever, the direct effect of hypoxia on glucose uptake in

cultured skeletal muscle has not yet been demonstrated.

In the postabsorptive state, blood glucose supply de-

pends primarily on the liver (83), whereas glucose disposal

occurs primarily in the brain (�50%) and to a lesser extent

in the skeletal muscle (�25%) (259). This widely accepted

concept, together with the evidence of higher glucose dis-

posal in vivo in highlanders and increased glucose uptake

in the skeletal muscle induced by anoxia and hypoxia in

vivo, lead us to hypothesize that the lower fasting glycemia

in individuals living at high altitudes is determined by a

lower HGO and a higher glucose disposal in the skeletal

muscle. This concept is summarized in Figure 7.

The inverse association between obesity and altitude is

well documented, and it remains while adjusting for mul-

tiple risk factors (208, 213, 222). Likewise, an inverse

association between diabetes and altitude, while adjusting

for several factors (including BMI), has also been recently

demonstrated (208), but longitudinal clinical studies will

be required to determine causality. Figure 8 depicts the

complexity of possible factors related to the lower prev-

alence of obesity and diabetes, including geographical el-

evation. A recent quasi-experimental study in a military

population provides further evidence that altitude could

have a direct effect on the pathogenesis of obesity (214).

Further experimental studies aiming to determine the

altitude threshold and minimum exposure duration

needed to influence blood glucose levels may have an im-

portant clinical impact. The use of simulated altitude or

hypoxia alone would be more practical, but future studies

are required to determine whether these approaches lead

to similar or better results than those obtained under nat-

ural altitude conditions. So far, small clinical studies have

shown that hypoxic sessions may improve glucose homeo-

stasis in overweight, obese, and type 2 diabetic subjects

(115–117, 260). However, no effects of simulated altitude

(whether hypobaric or normobaric hypoxia) have yet been

monitored for periods longer than 10 weeks (260). The

question also remains as to whether simulated altitude

could be widely used as a potential clinical intervention

for metabolic disorders. Perhaps hypoxia could be use-

ful as a concomitant therapy rather than as a substitu-

tion of conventional approaches.

Concern about the clinical applicability of hypoxia has

been raised, given that obstructive sleep apnea (OSA),

which is associated with oxygen desaturation, has been

linked to impaired insulin sensitivity and higher risk of

diabetes (261, 262). However, OSA is a disorder mani-

fested not only by repeated and transitory events of ex-

tremely variable oxygen desaturation (oxygen saturation

can range from 90 to 50%), but also by blood CO2 re-

tention (263). In addition, OSA is highly associated with

obesity (262). Whether the association between sleep ap-

nea and metabolic alterations is independent of CO2 re-

tention or obesity still remains elusive. What appears to be

clear is that severe hypoxia (�5% O2 inspired) per se de-

creases insulin sensitivity (112, 113), whereas moderate

hypoxia (13–15% O2) rather improves insulin sensitivity

(115, 116).

Finally, although genetic population studies support

the hypothesis that the HIF pathway may play a role in the

mechanisms of adaptation to high altitude, whether hyp-

oxia is the only determinant of the genetic adaptation to

high altitudes remains to be explored. Understanding the

mechanisms that regulate and maintain the lower fasting

glycemia in individuals who live at higher altitudes could

lead to new therapeutics for impaired glucose

homeostasis.
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