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Abstract

In most tissues of the body, cellular ATP production pre-
dominantly occurs via mitochondrial oxidative phosphorylation
of reduced intermediates, which are in turn derived from
substrates such as glucose and fatty acids. In order to maintain
ATP homeostasis, and therefore cellular function, the
mitochondria require a constant supply of fuels and oxygen. In
many disease states, or in healthy individuals at altitude, tissue
oxygen levels fall and the cell must meet this hypoxic challenge
to maintain energetics and limit oxidative stress. In humans at
altitude and patients with respiratory disease, loss of skeletal
muscle mitochondrial density is a consistent finding. Recent
studies that have used cultured cells and genetic mouse models
have elucidated a number of elegant adaptations that allow cells
with a diminished mitochondrial population to function effectively
in hypoxia. This article reviews these findings alongside studies
of hypoxic human skeletal muscle, putting them into the context
of whole-body physiology and acclimatization to high-altitude
hypoxia. A number of current controversies are highlighted,
which may eventually be resolved by a systems physiology
approach that considers the time- or tissue-dependent nature of
some adaptive responses. Future studies using high-throughput
metabolomic, transcriptomic, and proteomic technologies to
investigate hypoxic skeletal muscle in humans and animal
models could resolve many of these controversies, and a case
is therefore made for the integration of resulting data into
computational models that account for factors such as duration
and extent of hypoxic exposure, subjects’ backgrounds, and
whether data have been acquired from active or sedentary
individuals. An integrated and more quantitative understanding
of the body’s metabolic response to hypoxia and the conditions
under which adaptive processes occur could reveal much about
the ways that tissues function in the very many disease states
where hypoxia is a critical factor.

Introduction

In oxidative tissues of the body, production of cellular
energy, in the form of adenosine triphosphate (ATP),
occurs primarily via the process of oxidative phosphory-
lation at the inner mitochondrial membrane. In order to

sustain normal cellular function, therefore, the mito-
chondria require a constant supply of fuels and oxygen
(Figure 1). In diseases where oxygen delivery to the
peripheral tissues is impaired, through hypoxemia (for
example, chronic obstructive pulmonary disease (COPD),
cystic fibrosis), decreased oxygen carriage capacity (for
example, anaemia), or decreased convective transport (for
example, shock, heart failure), or in healthy individuals at
altitude, a process of adaptation must occur to maintain
cellular energy homeostasis. A compromise in cellular
energetics can lead to more rapid fatigue in exercising
skeletal muscle, since both crossbridge cycling at the sarco-
mere during contraction and calcium reuptake to the sarco-
plasmic reticulum during relaxation are heavily dependent
on ATP hydrolysis. Moreover, in cardiac muscle, energetic
impairment has been associated with the pathogenesis of
hypertrophic cardiomyopathy and sudden cardiac death [1].

The study of how healthy human subjects acclimatize to
high altitude is a useful model in which to investigate
hypoxic adaptation in the absence of the many confounding
factors associated with hypoxic disease states and thera-
peutic interventions [2]. Indeed, many common features
have been noted between COPD in particular and altitude
exposure, including similar patterns of muscle wasting,
weight loss, and altered cellular metabolism [3,4].
Individual variability in the process of hypoxic adaptation
and performance has been identified in healthy individuals
at altitude [5], and similar mechanisms may therefore
underlie the observed variations in disease progression
and outcome in patients where cellular hypoxia is an
important feature, in particular severe respiratory and
cardiac disease and critical illness [6].

Physiological adaptations that can improve oxygen delivery
in hypoxic individuals are well documented and include
increased ventilation rate and cardiac output, erythropoiesis,

AMPK, AMP-activated serine/threonine protein kinase; ATP, adenosine triphosphate; BNIP3, BCL2/adenovirus E1B 19 kDa interacting
protein; COPD, chronic obstructive pulmonary disease; COX, cytochrome c oxidase; EPO, erythropoietin; HIF, hypoxia inducible factor; HRE,
hypoxia response element; [La,], blood lactate concentration; MCT, monocarboxylate transporter; mTOR, mammalian target of rapamycin;
PDH, pyruvate dehydrogenase; PDK1/4, pyruvate dehydrogenase kinase; PGC-1a/$3, peroxisome proliferator-activated receptor y co-activa-
tor 1a/B; PHD, prolyl hydroxylase; PPAR, peroxisome proliferator-activated receptor; ROS, reactive oxygen species; TCA, tricarboxylic acid;
UCP3, uncoupling protein 3; VEGF, vascular endothelial growth factor; VHL, von Hippel-Lindau.
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Figure 1

Mitochondrial energy metabolism. Fatty acid B-oxidation and the TCA cycle produce NADH and FADH,, which are oxidized by complexes |
and ll, respectively, of the electron transport chain. Electrons are transferred through the chain to the final acceptor, O,. The free energy from
electron transfer is used to pump H* out of the mitochondria and generate an electrochemical gradient, Ap,,,, across the inner mitochondrial
membrane. This gradient is the driving force for ATP synthesis via the ATP synthase.

and possibly enhanced vascularization of tissues [7]. At
altitude, however, despite normal oxygen content and delivery
up to 7,000 m above sea level [8], exercise capacity is
dramatically reduced, and inter-individual variation in oxygen
content does not correlate with exercise capacity [7]. These
findings support an important role for adaptive responses to a
low arterial oxygen (O,) partial pressure at the tissue level. In
the hypoxic myocyte, adaptations might aim to improve local
O, delivery by redistributing mitochondria within the cell to
minimize O, diffusion gradients; to limit ATP utilization by
switching off non-essential cellular functions; or to enhance
ATP synthesis.

The master regulator for many of the body’s adaptive
responses is hypoxia-inducible factor 1 (HIF-1), a heterodimeric
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transcription factor comprising HIF-ia and HIF-1f
subunits [9]. HIF-1a protein is continuously synthesized,
and is predominantly regulated post-transcriptionally by
the O,-dependent hydroxylation of two proline residues by
the prolyl-hydroxylase enzymes (PHD1-3). Hydroxylation
promotes binding of the von Hippel-Lindau protein (VHL),
leading to ubiquitination and proteasomal degradation
[9,10]. HIF-1a protein is thus stabilized in low concen-
trations of O,, and accumulates spontaneously in the
hypoxic cell [9]. HIF-1B is constitutively present in the
nucleus, and when dimerized with HIF-1a is able to bind to
hypoxia response elements (HREs) in the regulatory region
of a number of genes [10], thereby activating their trans-
cription (Figure 2). The levels of HIF-target genes are
therefore precisely controlled in response to cellular O,
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Mechanisms of hypoxic adaptation. (a) In normoxia, hypoxia
inducible factor-1a (HIF-1a) is degraded, following O,-dependent
hydroxylation by prolyl hydroxylase (PHD) enzymes. (b) In hypoxia,
HIF-1a spontaneously accumulates and combines with HIF-13 in
the nucleus to activate the transcription of hypoxia-responsive
genes and driving a number of metabolic adaptations: (i) BNIP3
upregulation leads to mitochondrial autophagy; (ii) a subunit switch
at cytochrome ¢ oxidase (COX), complex IV of the electron
transport chain, increases the efficiency of electron (e-) transfer, and
attenuates reactive oxygen species (ROS) production; (iii) glycolytic
enzymes and lactate dehydrogenase (LDH) are upregulated,
increasing anaerobic ATP production and lactate; (iv) pyruvate
dehydrogenase kinase (PDK) enzymes are upregulated,
de-activating pyruvate dehydrogenase (PDH) and limiting the
conversion of pyruvate to acetyl CoA.

concentrations, and include those associated with improving
O, delivery to muscle, such as vascular endothelial growth
factor (VEGF) and erythropoietin (EPO) [11], and many
metabolic enzymes or regulators of metabolism, including all
glycolytic enzymes, pyruvate dehydrogenase kinase 1 (PDK1),
and subunit 4-2 of mitochondrial cytochrome c oxidase
(COX).

Regulation of mitochondrial volume and
redox homeostasis

Mitochondrial volume density is consistently and sub-
stantially decreased in the skeletal muscle of climbers
acclimatizing to high altitude [12,13], and was found to be
lower in the muscles of Himalayan Sherpas than those of
unacclimatized lowlanders [13]. Prolonged exposure to
altitude is also associated with accumulation of lipofuscin
in skeletal muscle [14], a lipid peroxidation product that
may be indicative of mitochondrial damage. Similarly,
mitochondrial respiratory capacity is attenuated in the
hearts of rats housed in hypoxia chambers [15], limiting
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total oxidative capacity. The primary mechanism driving
the loss of mitochondrial density is likely to be mito-
chondrial autophagy, brought about by a HIF-1-dependent
upregulation of the pro-apoptotic protein BCL2/adeno-
virus E1B 19 kDa interacting protein 3 (BNIP3) [16], which
localizes on mitochondrial membranes [11,17] (Figure 2(i)).
In rat hearts, BNIP3 levels were induced after one hour of
hypoxia, and were found to integrate into the mitochondria
of hypoxic ventricular myocytes, leading to mitochondrial
defects associated with opening of the permeability
transition pore, hence causing loss of inner membrane
integrity [18].

A further mechanism that restricts mitochondrial respira-
tion in response to hypoxia was elucidated in a renal cancer
cell line, where HIF-1-dependent repression of c-Myc
decreased expression of the downstream factor peroxisome
proliferator-activated receptor y co-activator-1p (PGC-13)
[19]. PGC-1P, and its homolog, PGC-1qa, are abundant in
skeletal muscle and stimulate mitochondrial biogenesis via
the activation of a number of transcriptional pathways
[20,21]. Overexpression of PGC-1a in mouse skeletal muscle
leads to a proliferation of fatigue-resistant type I muscle
fibers [22]. Muscle wasting is common in patients with
COPD, and studies have frequently reported a preferential
loss of the mitochondrial-rich type I and type Ila fibers,
with a sparing of glycolytic type IIb fibers [3], which have
an enhanced capacity for anaerobic metabolism. In
climbers at high altitude, a similar degree of muscle
wasting also occurs [23], and has been thought to contri-
bute towards an increased muscle capillary density,
although increased vascularization has not always been
reported [24]. Unlike COPD patients, however, muscle
wasting at altitude does not appear to be associated with
the preferential loss of any particular fiber types [23].
Moreover, although a switch in skeletal muscle fiber type
towards more glycolytic fibers could theoretically be driven
by decreased transcriptional activity of the PGC-1
cofactors, a measurement of decreased PGC-1a levels in a
muscle biopsy could in fact be secondary to a loss of the
type I fibers in which they are more highly expressed.

An additional related mechanism that might restrict
mitochondrial biogenesis in hypoxic skeletal muscle at
altitude involves the downregulation of protein synthesis
in response to energy deprivation. The AMP-activated
serine/threonine protein kinase (AMPK) is a molecular
energy sensor that is activated when cellular ATP levels
fall, for example, during stresses such as nutrient depriva-
tion and hypoxia [25]. Elevation of AMPK activity there-
after leads to modulation of multiple pathways in order to
restore energetic homeostasis, typically involving suppres-
sion of biosynthesis and cell growth while stimulating ATP
synthesis [25]. One major downstream element negatively
regulated by AMPK is the mammalian target-of-rapamycin
(mTOR) pathway, which regulates cell growth via
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activation of protein synthesis [26], and, along with
PGC-1q, is a necessary component of a transcriptional
complex controlling mitochondrial oxidative function [27].
In the skeletal muscle of lowlanders acclimatized to
4,559 m, levels of mTOR were decreased [28], possibly
indicating a suppression of mitochondrial biogenesis via
downregulation of PGC-1a transcriptional activity;
however, the mechanism is almost certainly more complex
than this since AMPK itself activates mitochondrial
biogenesis by upregulating PGC-1a expression [29] in
order to enhance skeletal muscle ATP production [30]. It is
probable, given the profound loss of mitochondrial density
at altitude, that the suppression of biogenesis via mTOR
downregulation is the more dominant of these stimuli in
hypoxic skeletal muscle; however, the consequent effect on
cellular energetics both at rest and during exercise remains
to be determined.

It is likely that the loss of mitochondria in hypoxic skeletal
muscle is an adaptive response, which aims to minimize
production of harmful reactive O, species (ROS) such as
superoxide (O;7). ROS can be produced by a number of
means within the cell, including generation as a by-product
during mitochondrial oxidative phosphorylation [31]. The
full reduction of O, to water at complex IV of the electron
transport chain, COX, requires the donation of four electrons.
Donation of a single electron results in superoxide (O;")
formation, whereas hydrogen peroxide (H,O,) can be
formed following the donation of two electrons to O, and
its subsequent protonation. ROS are thus generated as
intermediates during the sequential donation of electrons
to O,, but can also arise in the hypoxic cell due to electron
leak from a highly reduced respiratory chain, with complex
III implicated as a major source of this leakage [32].

A role for ROS in hypoxic signaling and adaptation has
been proposed, with oxidative stress increasing HIF
stabilization in cells [32]. The hypoxic mitochondrion
might therefore bring about its own destruction via the
resulting increase in autophagy, thereby maintaining suffi-
cient O, supply to the remaining mitochondrial population
and thus minimizing ROS production. Correspondingly,
PGC-1a activity appears to be tightly coupled to HIF-1
activity in skeletal muscle cells, with an increase in PGC-
1a-driven mitochondrial biogenesis causing increased O,
consumption and intracellular hypoxia, leading to HIF-1
stabilization [33]. By shifting the balance between the
competing responses of mitochondrial biogenesis and mito-
chondria-specific autophagy, cellular mitochondrial density,
and thus O, demand, is closely matched to O, supply.

A further HIF-1-mediated response to hypoxia that
restores redox homeostasis occurs at COX, and might also
improve cellular energetics. A switching of subunit 4
(COX4) at this complex occurs via the HIF-1-dependent
transcription of a COX4-2 subtype, and a mitochondrial
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protease, LON, which degrades COX4-1 [34]. This subunit
switch increases the efficiency of electron donation to O, at
COX under hypoxic conditions, minimizing electron
leakage and ROS production at complexes I and III [34]
(Figure 2(ii)). This switch would have an additional ener-
getic benefit, as increased proton pumping into the
mitochondrial intermembrane space would arise from a
decreased electron leak, and thus enhance the efficiency of
ATP synthesis for a given O, consumption.

Despite a loss of mitochondria, there is some evidence that
successful acclimatization to high-altitude hypoxia over a
period of several weeks can result in normal skeletal
muscle energetics at rest and following an exercise chal-
lenge [35]. The mechanisms by which a depleted mito-
chondrial population might be able to generate adequate
quantities of high-energy phosphates to support normal
cellular function are of direct relevance to basic and clinical
physiology in a number of fields, including respiratory,
cardiovascular, and fetal medicine; yet these mechanisms,
which may involve enhanced function of the remaining
mitochondria or increased non-mitochondrial ATP
production, remain incompletely resolved.

Substrate switches and anaerobic
metabolism

A greater contribution of anaerobic glycolysis to ATP
production, particularly during an exercise challenge, is a
tempting solution to the problem of maintaining energy
homeostasis in hypoxic skeletal muscle. Indeed, a number
of genes encoding glycolytic enzymes, including aldolase,
phosphoglycerate kinase 1, pyruvate kinase, phospho-
fructokinase, enolase, and lactate dehydrogenase, have
HREs in their regulatory regions [36] (Figure 2(iii)).
Furthermore, the glucose transporter, GLUT1, which
mediates non-insulin-stimulated glucose uptake by heart
and skeletal muscle, is upregulated in hypoxia in a HIF-
dependent manner [37], and protein levels of both GLUT1
and the insulin-stimulated glucose transporter, GLUT4,
were increased in hypoxic rat skeletal muscle, although
mRNA levels were unchanged [38]. Curiously, no HRE has
been identified in the GLUT4 gene, although its expression
patterns correlate with HIF-1 activity, perhaps suggesting
that it is indirectly regulated by HIF-1a [39].

Measurement of metabolic enzyme activities in the skeletal
muscle of rats housed in hypoxic-hypobaric chambers has
suggested that shifts towards glycolysis are dependent on
muscle type as well as activity levels [40]. For example,
altitude simulation increased hexokinase activity in soleus
and plantaris, whereas lactate dehydrogenase activity
increased in plantaris alone [40]. In addition, decreased
activity of the fatty acid f-oxidation enzyme hydroxyacyl-
CoA dehydrogenase was seen in soleus, though not in
plantaris [40], although this may be secondary to an
overall loss of mitochondrial mass.
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In addition to an enhanced capacity for glycolysis, an active
shunting of pyruvate, the end-product of glycolysis, towards
lactate production and away from oxidative metabolism in
the mitochondrion appears to be upregulated in hypoxia.
Induction of PDK1i by HIF-1 deactivates pyruvate
dehydrogenase (PDH) [41,42], preventing the conversion
of pyruvate into acetyl-CoA (Figure 2(ii)). Two-dimen-
sional difference in-gel electrophoresis (2D-DIGE) and
mass spectrometry analysis of gastrocnemius muscle from
chronically hypoxic rats showed downregulation of
proteins involved in the tricarboxylic acid (TCA) cycle, ATP
production, and electron transport, with upregulation of
HIF-1q, glycolytic enzymes and PDK1 [43]. This exclusion
of pyruvate from mitochondrial oxidation occurs alongside
a HIF-1-dependent upregulation of lactate dehydrogenase
[40], which converts pyruvate to lactate. The transport of
lactate out of the muscle cell is primarily mediated by the
monocarboxylate transporters 1 and 4 (MCT1 and MCT4).
MCT4, but not MCT1, was found to be upregulated in
hypoxia via HIF-1 induction in a human uterus cancer cell
line (HeLa) [44]. Although skeletal muscle levels of neither
MCT1 nor MCT4 increased in lowlanders acclimatized to
4,100 m [45], exercise in hypoxia increased muscle mRNA
levels of MCT1 [46]. Together with a decrease in
mitochondrial density, these studies suggest an active
Pasteur effect in which glycolytically derived lactate is
expelled from the hypoxic cell [47]. Human biopsy studies
at altitude, however, have been less conclusive.

Increased activity of hexokinase was measured in vastus
lateralis of human subjects after 3 weeks’ residence at
4,300 m, yet decreased activity of phosphofructokinase
was also noted, although this had also been recorded
within 4 hours of arrival at altitude and may not form part
of a longer-term adaptive response [35]. A similar study,
however, showed no change in activities of glycogen
phosphorylase, hexokinase, lactate dehydrogenase, or
malate dehydrogenase in vastus lateralis after 18 days at
4,300 m [48]. Biopsies taken from climbers returning from
ascents above 8,000 m, or undergoing simulated ascents
over 8,000 m in a hypobaric chamber, showed decreased
activities of mitochondrial enzymes [49], including citrate
synthase [49,50], succinate dehydrogenase [49], malate
dehydrogenase [50], COX [50], and 3-hydroxyacyl-CoA
dehydrogenase [50], although again, these changes may
simply represent loss of mitochondrial mass. A dramatic
decrease in hexokinase activity in sedentary subjects
undergoing a simulated chamber ascent [49] contrasted
with the same investigators’ findings at 4,300 m [35],
perhaps suggesting a combined effect of hypoxia and
physical activity. Gel electrophoresis and mass spectro-
metry of vastus lateralis biopsies taken at sea level and
after 7 to 9 days’ exposure to 4,500 m, showed downregu-
lation of TCA cycle and oxidative phosphorylation enzymes,
but with no change in HIF-ia or PDKi levels [28].
Moreover, decreased levels of the protein synthesis marker
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mTOR suggested a global repression of transcription at
this early stage of acclimatization, perhaps as part of a
program to limit ATP consumption [28]. Indeed, tissue
hypoxia induces a specific pattern of chromatin modifica-
tions that appear to decrease transcriptional activity
independent of HIF-1 regulation or cell type [51].

An apparent, and perhaps counterintuitive, blunting of
glycolysis upon acclimatization to chronic hypoxia has also
been suggested by the so-called ‘lactate paradox’ [52]. Acute
exposure to high altitude is accompanied by greater blood
lactate levels ([La,]) at any given submaximal exercise
workload than in normoxia, although peak [La,] remains
unchanged. In subjects who have acclimatized to altitude
over a period of more than 3 weeks, however, exercise at the
same absolute workload and maximal exercise result in
lower [La; ] compared with the same subjects exercising in
the unacclimatized state [35]. This phenomenon, initially
seen as paradoxical, suggested that ATP production in
chronic hypoxia is perhaps not dependent on increased
anaerobic glycolysis but rather that mitochondrial ATP
production becomes ‘better tuned’ to the hypoxic state.
Recent studies, however, have suggested that the lactate
paradox may only be a transient feature of hypoxic
adaptation at altitude, disappearing in lowlanders over
durations greater than 6 weeks at altitudes above 5,000 m
[53,54]. Moreover, a reduction in the capacity of muscles to
produce lactate following acclimatization has not always
been demonstrated [55].

Whether the lactate paradox arises from decreased muscle
lactate production due to altered substrate preference,
altered lactate handling via MCT1 and MCT4 at the muscle,
or a better coupling of pyruvate production and oxidation
at the mitochondria, remains to be resolved, along with a
clear profile of the conditions under which it occurs.
Intriguingly, metabolomic analysis of placentas from high-
altitude births showed a blunting of lactate production
following a labored delivery compared with sea-level
placentas [56], suggesting that an analogous phenomenon
to the lactate paradox may occur in tissues other than
muscle in response to acute metabolic stress in chronic
hypoxia.

Metabolic efficiency in chronic hypoxia

One further possible solution to the problem of maintain-
ing energetic homeostasis in chronic hypoxia might be to
alter metabolic pathways to maximize the yield of ATP per
mole of O, consumed. As already discussed, an improve-
ment in O, efficiency could be achieved by minimizing
electron leakage via COX subunit switching. A further
increase in oxygen efficiency could be achieved via a switch
in substrate preference towards more oxygen-efficient
fuels (for example, glucose instead of fatty acids). For
instance, stoichiometric calculations predict that complete
oxidation of palmitate yields 8 to 11% less ATP per mole of
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O, than that of glucose [57]. A metabolic switch towards
the exclusive oxidation of carbohydrate is, however,
unlikely and unsustainable due to limited muscle and liver
glycogen stores and a need to preserve glucose for the
brain, which cannot oxidize fat.

In hypoxic epithelial cells, a dramatic reduction in levels of
the fatty acid-activated transcription factor peroxisome
proliferator-activated receptor (PPAR)a was mediated by
HIF-1[58]. PPAR« activation increases the expression of a
number of proteins associated with fatty acid oxidation,
and is therefore a mechanism for a metabolic shift towards
fat metabolism [59]. Downregulation of the PPARa gene
regulatory pathway [60] and a number of PPARa target
genes, including uncoupling protein 3 (UCP3), occurs in
the hypoxic heart [61]. In muscle fibers, however, it
appears that the hypoxic response may be critically
mediated by an upregulation of PPARa [62], which might
promote anaerobic glycolysis by de-activating PDH via the
upregulation of another pyruvate dehydrogenase kinase
isoform, PDK4 [62]. PPARa activation could, however,
increase inefficient fatty acid oxidation. Indeed, lipid
metabolism in liver, and fatty acid uptake and oxidation in
skeletal muscle increased in rats exposed to 10.5% O, for 3
months [63].

Furthermore, PPARa activation could activate mitochon-
drial uncoupling in hypoxic skeletal muscle by upregulation
of UCP3, leading to relatively inefficient metabolism, and a
recent study has shown that UCP3 is upregulated in hypoxic
skeletal muscle via another PPARa-independent mecha-
nism [64]. Mitochondrial uncoupling by UCP3 can be
activated by superoxide and may be an additional mecha-
nism of antioxidant defense in the hypoxic cell [65], but at
the cost of decreased metabolic efficiency, as protons
re-enter the mitochondrial matrix independent of ATP
synthesis. The regulation of mitochondrial efficiency,
however, may occur independently of gene transcription
mechanisms, and liver mitochondria from non-hypoxic
acclimatized rats were found to have an improved
phosphorylation efficiency and depressed uncoupling when
respiration was measured under hypoxic conditions [66].

Whether changes in oxygen efficiency in the hypoxic
mitochondrion translate into altered exercise economy at
the whole-body level remains controversial. A number of
studies from independent groups have reported improve-
ments in exercise economy following acclimatization of
between 3% and 10% (reviewed in [67]); however, other
investigations have shown no change in economy [68]. The
choice of subjects and the varying methodologies of these
studies may explain the discrepancies. For example,
studies in which no changes in efficiency are shown have
often reported data from highly trained athletes, who have
high efficiency (and low UCP3 levels) at baseline [69].
Clearly, more studies are required at the tissue level to
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characterize whether mitochondrial efficiency is altered in
chronically hypoxic skeletal muscle, and the physiological
significance of this.

Future directions: towards an integrative and
quantitative approach

The study of healthy humans at altitude has translational
implications for many human diseases characterized by
tissue hypoxia. In particular, parallels have been noted
between muscle wasting and metabolic adaptation at
altitude and in patients with COPD [3,4]. While many
facets of hypoxic adaptation, particularly those driven by
HIF-1, have come to light over the past decade, much of
this work has been carried out in cultured cells and animal
models. The integrated response to hypoxic challenge in
man is much less well understood and a number of contro-
versies exist regarding the timings of such adaptations, the
degree of the hypoxia in which they occur, and the tissue
specificity of alterations in gene expression and metabolism.

The emergence of new technologies that enable relatively
inexpensive, comprehensive and high-throughput analysis
of gene expression, protein levels, and metabolic markers
has the potential to contribute much to this area of
research. Currently, very few investigators have applied
these technologies to the study of humans at altitude and
in hypoxia chambers, and only then under a limited
number of hypoxic conditions and durations, and with
small sample sizes. This may, at least in part, be due to the
logistical difficulties of collecting and preserving biopsy
samples in the high-altitude environment while preventing
loss of oxygen-sensitive factors in the tissue. There is a
clear need for technologists and high-altitude researchers
to collaborate towards a resolution of these logistical
difficulties in order to apply high-throughput analysis
techniques to this area of research.

Such techniques can contribute much to our understanding
of the adaptations in structure and function of cells,
tissues, organs, and the whole organism in the hypoxic
environment. While this review has focused primarily on
the metabolic response of skeletal muscle to hypoxia, it is
essential that the adaptations discussed are placed firmly
within the context of the whole organism, and therefore
the information generated by ‘omics’ technologies should,
by necessity, form part of an integrative and quantitative
physiological approach [70]. The use of computational
models, combining experimental and theoretical methods,
greatly aids the understanding of complex biological
systems and the response of such systems to stress [71]; for
example, the integration of metabolomic and transcrip-
tomic data with measures of exercise efficiency and gas
exchange within such a model could reveal much about
how metabolic adaptations drive changes in performance
at high altitude. Moreover, this approach would be particu-
larly beneficial to physiologists concerned with hypoxic
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adaptation, since a powerful model could incorporate data
pertaining to differing degrees of hypoxia and time courses
of exposure.

A strong case is therefore emerging for a coordinated
approach in study design between the many groups
currently involved in altitude research worldwide, and for
an increased use of open access databases to disseminate
findings. The potential for accumulating a significant body
of genomic, proteomic, and metabolomic data from
subjects at altitude is a tremendously exciting prospect, but
also one that runs the risk of occurring in a haphazard
manner. Inconsistencies in study design between different
groups are all too abundant in this field, with differences in
ascent profiles, durations of exposure, experimental
details, and timings of physiological measurements and
biopsy sampling, as well as variations in subjects’ genetic
backgrounds, ages, fitness levels, and pre-assessed ability
to perform at altitude, often muddying the interpretation
of results. In addition, while comparisons between
sedentary subjects in hypoxic chambers and relatively
active participants in the field have been revealing, the
ability to infer biological responses that might be either
common or specific to these particular stresses is limited if
the study design and subject selection is not appropriately
coordinated.

A final consideration concerns the logistical difficulties and
significant financial cost of mounting large-scale research
expeditions to altitude. The benefits of comprehensive,
collaborative studies that bring together researchers with a
wide range of expertise, both from the established altitude
research community and from other research backgrounds,
are clear and greatly outweigh the potential difficulties of
conducting research in this way [72]; however, the
frequency at which such studies can occur is inevitably
limited. It is imperative, therefore, when planning field
studies at altitude, that consideration is given to the
particulars of how data generated by ‘omic’ technologies,
as well as from physiological studies, can best be incor-
porated into accessible and universal models of hypoxic
acclimatization. Such a coordinated approach could not
only prove to be a powerful means of resolving the current
controversies regarding metabolic adaptation at altitude,
but could reveal much about the ways in which tissues
respond to hypoxia in many disease states.
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