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High altitude and oxidative stress
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Abstract

Exposure to high altitude, which is associated with decreased oxygen pressure, could result in oxidative/reductive stress, enhanced generation
of reactive oxygen and nitrogen species (RONS), and related oxidative damage to lipids, proteins, and DNA. The severity of oxidative challenge is
related to the degree of altitude. A wide range of RONS generating systems are activated during exposure to high altitude, including the mitochondrial
electron transport chain, xanthine oxidase, and nitric oxide synthase. High altitude appears to weaken the enzymatic and non-enzymatic antioxidant
systems, and increased nutritional uptake of antioxidant vitamins are beneficial to reduce the altitude-induced oxidative damage. The pattern of high
altitude exposure-associated oxidative damage resembles ischemia/reperfusion injury. The adaptive process to this oxidative challenge requires a
relatively long period of time. Physical exercise or an enhanced level of physical activity at high altitude, exacerbates the extent of the oxidative
challenge. Therefore, special attention is necessary to curb the degree of oxidative stress.
© 2007 Published by Elsevier B.V.
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1. Introduction

Formation of reactive oxygen and nitrogen species (RONS) is
a consequence of aerobic metabolism, since a number of RONS
generating systems are created in the body. Indeed, RONS are
natural and physiological modulators of the cellular redox milieu
and thereby signal controlling factors of a wide range of known
and unknown physiological and patho-physiological processes.
Despite the multi line antioxidant system, the level of RONS gen-
eration can exceed the capability of the defense network, leading
to oxidative stress (Askew, 2002). It is generally assumed that
increases in aerobic metabolism or hyperoxia generate increased
levels of RONS, causing alteration of redox homeostasis and
oxidative damage to lipids, proteins, and DNA (Bailey et al.,
2001a; Bailey and Davies, 2001b). Physical exercise, such as
that associated with mountaineering itself, could lead to oxida-
tive challenge and damage to different organs. Exercise and high
altitude exposure very often result in oxidative damage (Radak
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et al., 2001; Wozniak et al., 2001). It appears that the increased
incidence of RONS production is due to the involvement of a
number of different RONS generating systems. Although low
oxygen pressure seems to be favorable to low RONS produc-
tion, it appears that high altitude exposure is associated with
an increase in oxidative damage as a consequence of the altered
activity of the RONS generating and antioxidant systems. More-
over, not just the enzymatic but the non-enzymatic system is
effected by exposure to high altitude (Imai et al., 1995; Chao et
al., 1999). The present review draws upon the available litera-
ture on high altitude and exercise, and high altitude and oxidative
stress.

2. RONS generating systems at high altitude

It has been well demonstrated that an increased oxygen
supply results in increased production of mitochondrial ROS.
Furthermore, it has been suggested that 1–2% of the oxygen
which enters the mitochondrion, is released as a ROS. On the
other hand, it appears that hypoxia can lead to reductive stress,
which also results in increased ROS production by the mito-
chondrial electron transport system (Mohanraj et al., 1998). It
is believed that ROS are generated at complex I and complex
III of the electron transport chain. During hypoxia, less O2 is

1569-9048/$ – see front matter © 2007 Published by Elsevier B.V.
doi:10.1016/j.resp.2007.03.013



Author's personal copy

A. Dosek et al. / Respiratory Physiology & Neurobiology 158 (2007) 128–131 129

available to be reduced to H2O at cytochrome oxidase, thus
causing accumulation of reducing equivalents within the mito-
chondrial respiratory sequence. This accumulation is known as
reductive stress and this reaction leads to ROS formation by
the auto-oxidation of one or more mitochondrial complexes,
such as the ubiquinone–ubiquinol redox couple. Khan and
O’Brien (1995) previously demonstrated increases in the cel-
lular NADH/NAD+ ratio during hypoxia associated reductive
stress.

When an extremely low availability of oxygen occurs, such as
during ischemia or exposure to very low oxygen pressure, such
as altitude over 6000 m, cells tend to generate ATP. This reac-
tion occurs via the interaction of two ADP, which are catalysed
by adenylate kinase. This process also generates AMP, which
cannot be recycled, and it is catabolyzed and hypoxanthine is
formed. In the presence of calcium-related proteases xanthine
dehydogenase can be converted to xanthine oxidase, which uses
molecular oxygen instead of NAD+ as the electron acceptor, with
the consequent production of xanthine plus superoxide anion or
H2O2. The xanthine dehydrogenase/oxidase system is a potent
ROS generator during hypoxia/reperfusion conditions. Inter-
mittent exposure to high altitude has similar characteristics as
ischemia/reperfusion (Radak et al., 1994). On the other hand, the
changing pattern of ROS and nitric oxide (NO) is different during
ischemia/reperfussion and exposure to high altitude (Schneider
et al., 2001). In contrast to ischemia/reperfusion, ROS levels
increase during hypoxia and assume pre-hypoxic values upon
a return to normoxia. Acclimatization involves up-regulation of
inducible nitric oxide synthase (iNOS), suggesting that hypoxia
leads to an alteration of the ROS/NO balance, which is even-
tually restored during the acclimatization process (Gonzalez
and Wood, 2001). This phenomenon may have relevance to the
microcirculatory alterations associated with hypoxic exposure,
including acute mountain sickness, and high altitude pulmonary
and cerebral edema. The findings of Serrano et al. (2003) indi-
cate that the involvement of a different type of NOS is dissimilar
in NO production during high altitude, which can lead to an
increased formation of nitrotyrosine, at least in the rat cerebel-
lum after reoxygenation at sea level. RONS are involved in the
regulation of transcription factors, but an overview of this issue
is not the topic of the present review.

Besides the above mentioned RONS generating systems, it is
well known that UV radiation is significantly increased at high
altitude, resulting in enhanced formation of RONS. According
to our current understanding, it seems that high altitude is asso-
ciated with an increase in ROS generation and this is due to
different factors, including the mitochondrial respiratory chain,
xanthine oxidase, and iNOS.

3. The effect of high altitude on antioxidant systems

There are an increased number of investigations on the effects
of high altitude on the antioxidant system. Unfortunately, the
findings seem to vary considerably. It is meaningful that some
native highlander tribes in India often eat the seeds of Trichopus
zeylanicus, which have been shown to scavenge free radicals and
reduce the levels of lipid peroxidation and DNA damage by their

antioxidant capacity, depending upon the polyphenol and sulfhy-
dyl content (Tharakn et al., 2005). One of the first investigations
to study the effects of altitude on the enzymatic antioxidant sys-
tem came from our laboratory, where we reported that 6 months
of intermittent exposure to high altitude (4000 m) resulted in a
decreased activity and protein content of mitochondrial SOD in
skeletal muscle of rats (Radak et al., 1994). The decreased level
of Mn-SOD protein meant that intermittent exposure to high alti-
tude affected the transcription of the enzyme as well. Our data
were confirmed by Nakanishi et al. (1995), who found, at a sim-
ulated altitude of 5500 m, increased levels of immunoreactive
Mn-SOD in serum and decreased levels in the liver and lungs of
the animals. The activity of glutathione peroxidase (GPX) also
decreased in liver, suggesting that liver might be especially sen-
sitive to high altitude-induced oxidative stress (Nakanishi et al.,
1995). The most apparent decrease was observed in mitochon-
drial SOD activity and content, which might indicate that low
oxygen pressure, associated with high altitude exposure, results
in down-regulation of Mn-SOD (Zamudio et al., in press), and
the generation of an excess of H2O2. This could explain the asso-
ciated oxidative damage. Moreover, organ specific responses
occur with exposure to high altitude, since in the serum Mn-
SOD activity increased (Nakanishi et al., 1995). According to
our hypothesis, serum could be affected more significantly by
the impaired NO synthesis by eNOS (Droma et al., 2002) and the
related oxidative stress, than are liver and skeletal muscle. This
possibly is one of the factors which results in different regulation
of Mn-SOD in serum and other tissues.

In a subsequent study, we could not detect a significant effect
of a 4-week exposure to 4000 m on the activities of antioxidant
enzymes (Radak et al., 1997). However, the exposure to altitude
was longer and less severe than in the former study, which could
account for the discrepancy (Nakanishi et al., 1995). Imai et al.
(1995) compared the activites of GPX in serum of native high-
landers (4000 m) and subjects from sea level. They found that
people residing at high altitude had lower levels of GPX activ-
ity. The activity and effectiveness of GPX is strongly dependent
upon the state of the thiol system. Glutamyl-cysteinyl-glycine
is one of the main thiol/antioxidant sources for the cell, and
it is continuously synthesized by glutamyl cycle. High altitude
exposure decreases the level of reduced glutathione (GSH) and
increases oxidized glutathione concentration (Ilavazhagan et al.,
2001; Joanny et al., 2001). Thus, it appears that the capacity of
enzymatic and non-enzymatic antioxidant systems is somewhat
decreased at high altitude.

Schmidt et al. (2002) have applied an antioxidant mixture,
containing vitamin E, beta-carotene, ascorbic acid, selenium,
alpha-lipoic acid, N-acetyl 1-cysteine, catechin, lutein, and
lycopene, to reduce oxidative stress caused by altitude. This
mixture was found to be effective in reducing the level of
oxidative damage. Supplementation of vitamin E (40 mg per
rat d−1) taken orally, 5 days prior to and during the period
of hypoxic exposure to 7576 m, significantly reduced the high
altitude-induced increase in lipid peroxidation (Ilavazhagan et
al., 2001). On the other hand, an antioxidant supplement mixture
containing 20,000 IU beta-carotene, 400 IU vitamin E, 500 mg
vitamin C, 100 �g selenium, and 30 mg zinc, (in a daily base)
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did not prevent oxidative damage to macromolecules (Pfeiffer
et al., 1999). Furthermore the findings of a recent study revealed
that antioxidant supplementation attenuated the high altitude-
induced decrease in ventilatory threshold in exercising humans
(Subudhi et al., 2006).

It appears that exposure to high altitude decreases the activ-
ity and content of some antioxidant enzymes. Moreover, the
effectiveness of the thiol system is also reduced at high altitude.
As well, there are some indications that antioxidant supplemen-
tation reduces or prevents the high altitude-induced oxidative
damage to macromolecules.

4. High altitude and oxidative damage

The reactivity of RONS makes them difficult to measure. It is
usual that, from the accumulation of the end-product of RONS
and lipids, proteins, and DNA interaction, the extent of oxida-
tive stress is judged. It should be mentioned that the grade of
oxidative damage reflects the balance between the generation of
RONS and the antioxidant/repair systems. We have shown that
intermittent exposure (12 h/day) to simulated altitude of 4000 m
results in increased lipid peroxidation in skeletal muscle (Radak
et al., 1994). We further observed that the level of lipid peroxida-
tion, although it increased in both fiber types, was related to the
metabolic capacity of the muscle (Radak et al., 1994). Interest-
ingly, when we applied 4 weeks of continuous exposure to the
same altitude, we did not observe increased lipid peroxidation,
which indicates that the intermittent exposure either increased
the RONS more significantly, probably by xanthine oxidase,
or that the capability of the antioxidant system declined more
significantly than during continuous exposure to altitude. Simul-
taneously we have observed that exposure to 4000 m increased
the level of oxidative protein damage, as measured by carbonyl
derivatives in skeletal muscle of rats (Radak et al., 1997). We
used immunoblot to detect the molecular weight of these pro-
teins which had accumulated carbonyl bonds, and found that
actin was seriously affected. On the other hand, the level of
carbonylation decreased in rat brain with exposure to 4000 m
(Radak et al., 1998). Kumar et al. (1999) reported that short
exposure (5 days) to an altitude of 7576 m caused increased
lipid peroxidation in plasma of rats. This result was confirmed
using the same experimental protocol, but adding vitamin E sup-
plemented groups (Ilavazhagan et al., 2001). These investigators
reported that 3 and 7 days of exposure to 6100 m significantly
increased the level of RONS, and lipid peroxidation in differ-
ent brain regions (Maiti et al., 2006). Exposure to an altitude of
8235 m for 7 h and reoxygenation resulted in increased activity
of nNOS, and eNOS with an associated increase in nitrotyro-
sine content in rat cerebellum (Serrano et al., 2003). Although
there is an organ specific response to exposure to high altitude,
the effects seem to be systemic, which has been well demon-
strated by Nakanishi and co-workers, who reported that exposure
to 5500 m resulted in increased levels of malondialdehyde in
serum, lung, liver, heart and kidney (1995).

Human studies have revealed similar results to those observed
in other mammals. Re-oxygenation, after returning from an alti-
tude of 3500 m, resulted in oxidative damage to the membrane of

erythrocytes (Gonzalez et al., 2005). Moller et al. (2001) exposed
12 healthy subjects to an altitude of 4559 m, which caused a sig-
nificant increase in DNA strand breaks, measured in urine. The
damage was more prominent at the endonuclease-III sites. When
subjects were exposed simultaneously to high altitude (2700 m)
and cold, the level of urinary lipid peroxidation, and DNA dam-
age increased significantly (Schmidt et al., 2002). Areneda and
co-workers (2005) reported increased H2O2 levels, and lipid
peroxidation products in exhaled breath condensate of moun-
tain bikers performing a maximal cycloergometric exercise at
670 m and at 2160 m, as well as soldiers climbing to 6125 m in
the Andes mountains of Northern Chile.

The Operation Everest III study revealed that the level of
lipid peroxidation increased by 23% at 6000 m, and by 79% at
8848 m, indicating that the level of oxidative stress is parallel to
the increase in altitude (Joanny et al., 2001). In a recent study,
the acclimatization to altitude at 4500 m was studied and blood
samples were collected after 3 and 13 month of exposure (Vij et
al., 2005), and it appears that 3 months is an adequate time frame
to cause increased lipid peroxidation and decreased enzymatic
and non-enzymatic defense, while a 13 month sojourn normal-
izes the redox balance. Indeed, when well trained cyclists, who
were residents of a moderate altitude, have been subjected to
intensive interval exercise, at an altitude of 1860 m, oxidative
stress markers did not change, emphasizing the importance of
genetic adaptation (Wilber et al., 2004).

Thus, both human and animal studies are relatively consis-
tent in reporting that high altitude-associated hypoxia causes
oxidative damage to lipids, proteins, and DNA. This damage
can be due to the increased levels of ROS production and/or
the decreased levels of the antioxidant capacity. The oxidative
stress seems to be linearly related to the altitude: higher altitude
leads to greater oxidative challenge to the body. It also appears
that long term acclimatization and/or genetic adaptation atten-
uate or eliminate the high altitude-induced oxidative stress. On
the other hand, physical exercise at high altitude could further
increase the altitude-induced oxidative stress and the associated
oxidative damage.

5. Summary

Exposure to high altitude disrupts the efficiency of the antiox-
idant system and, due to the increased level of RONS production,
can lead to oxidative damage to macromolecules. Physical exer-
cise can exacerbate the effects of high altitude and, further,
can increase the related oxidative stress. Antioxidant supple-
mentation has been shown to have beneficial effects and can
attenuate and/or prevent the oxidative damage associated with
high altitude and exercise.
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