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Abstract

Zusammenfassung

The hypoxia-inducible factor-1 (HIF-1) is a key regulator of oxygen
homeostasis. This heterodimeric transcription factor is composed
of an oxygen-regulated α-subunit and a constitutively expressed β
(or ARNT)-subunit. The activation of HIF-1 is mainly dependent
on the hypoxia induced stabilisation of the α-subunit, whereas the
β-subunit is independent on the oxygen partial pressure. Until now
about 100 target genes, such as erythropoietin (EPO), vascular
endothelial growth factor (VEGF), glucose transporter and glycolytic enzymes have been shown to be regulated by HIF-1. HIFtarget genes encode proteins that ultimately increase oxygen delivery or allow metabolic adaptation to reduced oxygen availability.
As such, HIF-1 is required for a variety of physiological responses
on the cellular and systemic level. Here, we discuss the regulation
and function of HIF-1 as well as its target genes upon exposure to
high altitude.

Der Hypoxie-induzierbare Faktor-1 (HIF-1) übernimmt eine
Schlüsselfunktion bei der Regulierung der Sauerstoffhomöostase.
HIF-1 ist ein heterodimerer Transkriptionsfaktor, welcher aus einer sauerstoffregulierten α-Untereinheit und einer konstitutiv exprimierten β-Untereinheit besteht. Die Aktivierung von HIF-1 ist
hauptsächlich abhängig von der Hypoxie-bedingten Stabilisierung
der α-Untereinheit, währenddessen die β-Untereinheit unabhängig
des Sauerstoffpartialdruckes exprimiert wird. Bis heute sind gegen
100 HIF-Zielgene, wie Erythropoietin (EPO), vascular endothelial
growth factor (VEGF), Glucosetransporter und glycolytische Enzyme, bekannt. Diese Zielgene kodieren Proteine, welche die Sauerstoffzufuhr erhöhen oder die Anpassung des Metabolismus bei
reduzierter Sauerstoffverfügbarkeit ermöglichen. Somit ist HIF-1
für eine Reihe von physiologischen Antworten auf zellulärer und
systemischer Ebene massgeblich mitverantwortlich. Hier berichten
wir über die Regulation und Funktion von HIF-1 sowie der Zielgene bei Exposition in grosser Höhe.
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Introduction
Adequate oxygen supply is essential to the aerobic metabolism of
most eukaryotic organisms. As a terminal electron acceptor it is
used as a substrate for mitochondrial oxidative phosphorylation
and thus involved in the production of energy within a cell. Even
slight reduction of oxygen availability (hypoxia) seriously impairs
this energy metabolism in humans. Oxygen may become limited
by anaemia or due to cardiovascular, pulmonary or haematological
diseases but also with exercise and high altitude exposure.
While the percentage of oxygen in the atmosphere below 10,000 m
above sea level is essentially constant at about 20–21%, the oxygen
partial pressure (pO2) drops rapidly with increased altitude. With
a decrease in pO2, the inspiratory and the alveolar pO2 is also been
reduced. For instance, at sea level the mean alveolar pO2 is about
100 mmHg, whereas it drops to about 46 mmHg at an altitude of
5000 m.
Physiological responses to hypoxia occur at the systemic and
cellular level. The systemic response is mediated by chemoreceptor stimulation and activation of the central and peripheral nervous
system causing changes in overall parameters such as respiration
and heart rate [14, 37, 39, 78]. These parameters are well investigated and will not be discussed in this review. The cellular response
is mediated by hypoxia-inducible transcription factors that are
responsible for oxygen sensing in the cell. The best studied factor
of this group is the hypoxia-inducible factor-1 (HIF-1). It is a heterodimeric transcription factor consisting of two subunits, HIF-1α
and HIF-1β. The latter has previously been identified as the heterodimerization partner of the dioxin receptor/aryl hydrocarbon
receptor (AhR) and hence was called AhR nuclear translocator

(ARNT) [16, 24, 76]. Each subunit belongs to the superfamily of
the basic helix-loop-helix (bHLH) proteins with a defined characteristic sequence termed PAS (Per-ARNT-Sim)-domain [76]. HIF1α and HIF-1β are ubiquitously expressed in all tissues of many
species investigated so far including drosophila, fish, C. elegans
and mammals [3, 11, 68]. Studies of homozygous HIF-1α deficient
mice resulted in embryonic lethality at midgestation [29, 40, 60].
These embryos show malformation of the brain, heart and vascular
system. Obviously, HIF-1α is essential for normal development.
Although transcriptional expression of HIF-1α has occasionally
been reported to be induced during hypoxia, the primary mechanism of regulation has been demonstrated to be posttranslational.
HIF-1α is immediately degraded under normoxia, whereas under
hypoxic conditions this process is inhibited enabling the protein
to accumulate and heterodimerize with its β-subunit to form a
functional HIF-1 complex. Thus the activation of HIF-1 is mainly
dependent on the hypoxic induced stabilisation of the α-subunit,
while the β-subunit is hypoxia-independent and constantly expressed. It has also been shown that HIF-1α is not detected above
a physiological limit but increases exponentially with declining O2
whereas HIF-1β is not affected by the level of oxygenation [34].
The critical limit was about 5% O2 (35 mmHg) in HeLa cells. Of
note, upon exposure of HeLa cells to hypoxia, HIF-1α protein was
induced within two minutes [33]. Upon reoxygenation, HIF-1α
protein levels were already decreased after 4 min [33]. When is
HIF-1α detectable in vivo? Immunohistochemical examination
of brain, kidney, liver, heart, and skeletal muscle revealed that
HIF-1α is detectable in mice kept at normoxic conditions and is
increased in response to systemic hypoxia [69]. The maximum was
reached in the brain, kidney and liver between 1 and 4 hours. The
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achievement of maximal HIF-1α expression depends on the degree
and duration of the hypoxic exposure and is different between the
organs. In conclusion of this study, there is always a certain HIF-1α
expression necessary in order to produce enough energy through
glycolysis that is required for normal cell function.
HIF-1α protein degradation
The regulation of HIF-1α is dependent on oxygen availability. Several studies have shown that under physiological conditions HIF1α is regulated by protein stabilisation and not at the transcriptional level. HIF-1α is constantly expressed but rapidly degraded
by binding to the von-Hippel-Lindau tumor-suppressor protein
(VHL)-mediated ubiquitin-proteasome pathway under normoxia
(Fig. 1). It has been demonstrated that VHL is a critical component
of the multiprotein E3 ubiquitin ligase complex and responsible
for regulating cellular levels of HIF-1α [52]. This protein directly
interacts with the oxygen-dependent degradation domain (ODD)
of HIF-1α [8, 54, 72]. Disruption of the VHL-gene in patients
suffering from the von-Hippel-Lindau disease results in a constitutive stabilisation of HIF-1α and activation of the HIF-1 target
genes [64]. Interestingly, these patients frequently develop highly
vascularised tumors as a consequence of dysregulation of vascular
growth factors.
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It is known that the interaction of VHL and the HIF-1 ODD is
triggered by prolylhydroxylation of two highly conserved proline
residus within the ODD domain [49]. Specific proline hydroxylases require iron and oxygen as co-factor as well as 2-oxoglutarate
as co-substrate [28, 30]. Under normoxic conditions, the proline
residue is hydroxylated and enables the interaction between VHL
with the ODD domain. Under hypoxia, this process is inhibited,
preventing the binding of VHL to ODD and the degradation of
HIF-1α.
Another key enzyme controlling the oxygen-dependent modification of HIF-1α is asparagine hydroxylase that requires the same
co-factors and co-substrates as the prolyl hydroxylases [41]. Under normoxia, the conserved asparagines in the carboxyterminal
transactivation domain (CAD) are hydroxylated and interfere with
the interaction of CAD with the p300 transcription coactivator.
The involvement of the prolyl and asparagine hydroxylases in the
regulation of HIF-1α seems to avoid failures of the activation of the
hypoxia pathway. How are these hydroxylases regulated?
There are several theories how molecular oxygen regulates the
hydroxylases. One of them implicates reactive oxygen species
(ROS) such as superoxide and peroxide in the signal transduction
process. ROS are produced during mitochondrial respiration. Surprisingly, both an increase and a decrease in ROS production has
been found with hypoxic exposure [9, 13, 74]. Therefore, further
studies are required to unravel this conflict.

Figure 1: HIF-1 degradation at normoxia and stabilisation at hypoxia.
Under normoxia, HIF-1α is hydroxylated (-OH) at proline and asparagine residues. The interaction between the hydroxylated proline and asparagine
residues and VHL leads finally to proteosomal degradation. Under hypoxia, the hydroxylation of HIF-1α is inhibited. Thus, HIF-1α is stabilized and
subsequently translocates to the nucleus where it heterodimerizes with HIF-1β. The resulting HIF-1 complex binds to the HIF-1 binding site present in
the hypoxia-response elements. Abbreviations: CAD: carboxyterminal transactivation domain, E3LC: multiprotein E3 ligase complex, HAH: asparagines
hydroxylase, HBS: HIF-binding site, HRE: hypoxia-response element, HPH: HIF-1α prolyl hydroxylase, ODD: oxygen dependent-degradation domain,
Ub: ubiquitination, VHL: von-Hippel-Lindau tumor-suppressor protein.
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HIF-1α protein stabilisation
During hypoxic exposure, HIF-1α stabilizes in the cytoplasm and
translocates subsequently to the nucleus (Fig. 1) [36]. This translocation is independent of HIF-1β that is present in the nucleus [7].
After entering the nucleus, HIF-1α heterodimerizes with HIF-1β
and the resulting HIF-1 complex binds to a specific sequence called
the HIF-1 binding site (HBS) present in the hypoxia-response
elements (HRE) of all HIF-dependent targets [25]. An increase
in nuclear HIF-1 concentration leads to elevated transcriptional
activation of the HIF-1 target genes, but there are also other factors which are involved in this process. For instance, any in vitro
experiment using an inducible system to overexpress HIF-1α in
an oxygen-independent manner has demonstrated that 100-fold
overexpressed HIF-1α translocates to the nucleus under normoxic
and hypoxic condition, but neither was the HIF-1 binding capacity nor were the mRNA-levels of the HIF-1 target genes significantly increased [23]. Interestingly, when using a non-inducible
system to express HIF-1α, we observed rapid death of our cells.
This observation suggests that high levels of HIF-1α represent a
chronic response to hypoxia that is lethal to the cells. We made a
corresponding observation upon generation of transgenic mouse
overexpressing HIF-1α. While several mouse lines show increased
levels of human HIF-1α mRNA, none of them showed elevated
HIF-1α protein levels when compared to wild type controls, even
after prolonged exposure to hypoxia (6% O2 for 4–6h) [BS and
MG, unpublished observation].
Are other mechanisms involved in the regulation of the HIF-1α?
The phosphorylation of HIF-1α is a mechanism that is essential
for a normal HIF-1 function resulting in increased transcription
rate of the HIF-1 target genes [58]. Additionally, phosphorylation
inhibitors can prevent the upregulation of HIF-1 dependent target
genes [6, 27].
Although O2 induces mainly the stabilisation of HIF-1α, there
is also an O2-independent HIF-1α protein stabilisation. It is known
that many factors such as interleukin-1 [22], angiotensin II [59],
thrombin [17], insulin and insulin-like growth factors [80] induce
the accumulation of HIF-1α under normoxic conditions. Indeed,
recent studies have shown that insulin-like growth factor-1 stimulates increased HIF-1α expression as well as vascular endothelial
growth factor (VEGF) secretion in human retinal pigment epithelial cell line [67, 73]. Yet, the mechanisms by which these factors
regulate HIF-1α are poorly understood.
HIF-1 target genes, high altitude and physical exercise
By now, nearly 100 HIF-1 target genes have been identified [42, 79]
and the list grows steadily. HIF-1 plays a key role in the regulation
of the oxygen-dependent gene expression. These genes are particularly relevant for homeostasis at the cellular and systemic level.
An essential response to hypoxia is the increase of the anaerobic
glycolysis in order to compensate the energy deficit in the cell.
Therefore HIF-1 upregulates the expression of enzymes involved
in glucose uptake (glucose transporters) and glycolysis enzymes.
In parallel, HIF-1-dependent vascular structure and factors modify the vascular tonus resulting in an improved blood circulation.
Table 1 lists most of the identified HIF-1 target genes. Two of the
best studied genes are erythropoietin (EPO) and VEGF.
A systemic response to hypoxia is the upregulation of EPO, a
glycoprotein hormone that is produced mainly in kidney but also
in brain, liver, lung, spleen, and testis [12, 50, 51, 70]. As a predominant regulator of erythropoiesis derived from the bloodstream, it
induces red blood cell production by stimulating the proliferation,
differentiation, maturation and preventing apoptosis of the erythrocytic progenitors in the bone marrow. The stimulation of EPO
production is either determined by a reduced number of red blood
cells (anaemia) or a reduced oxygen saturation of the erythrocyte
(hypoxemia). Both conditions require a reduced pO2-level in the
venous blood and tissue. In adults, hypoxia effects a decrease of
the intrarenal pO2 level and this leads to enhance HIF-1 binding ac-
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tivity [66] resulting in increased EPO-production in the kidney and
finally, in an elevated EPO plasma level. A benefit of an increased
EPO level with physical exercise is a higher exercise performance,
a cause by a higher O2 transport capacity to the muscle.
Under normoxia, some studies performed in untrained and
trained athletes have demonstrated that submaximal and maximal
physical exercise does not influence the EPO plasma level [2, 15,
38, 56, 61]. In contrast, other studies found a slight increase of the
EPO level several hours after exercising [57, 63, 65]. Obviously,
more studies have to be performed to unravel this aspect. Interestingly, despite the possible unaltered EPO level, the number of
reticulocytes is increased upon physical exercise [62, 77]. In all
likelihood, the reduced renal blood flow is not the major factor for
EPO production during exercise but instead stress hormones such
as cortisol and catecholamines are probably more important to
regulate red blood cell production [32].
In contrast to physical exercise, an increased EPO plasma level
is already detectable 1–2 h after the initiation of hypobaric hypoxia [10]. The peak is reached between 24 and 48 h at a sojourn
to moderate (1500–3000 m) and high (> 3000 m) altitude [1, 18,
21, 53]. After this point, the plasma EPO levels decline to nearly
pre-exposure levels and may remain slightly elevated when the
subjects continue to stay at altitude [21, 48, 53]. Increasing EPO
levels is not only detected after an ascent from sea level to altitude,
but also when ascending from a moderate altitude to higher altitude. The effect of acute exposure to hypoxia on EPO elevations
is maintained after 3 weeks of acclimatization, and even after life
long intermittent residency at high altitude [21].
The acclimatization to moderate altitude, when combined with
low-altitude training (termed «living high – training low») can
improve the exercise performance of athletes at sea level [4, 43]. Levine and coworkers reported that there are two groups of responders. One group termed «responders» displayed a larger increase of
plasma EPO concentration at the altitude compared to the second
group of «non-responders». The higher EPO concentration found
in responders led to increased total red cell volume and VO2max
value at sea level in contrast to the non-responders who showed no
alterations. The variation of the increase of the EPO concentration
could be explained by individual genetically differences of the
«EPO-hypoxic-response» pathway [4]. Very recently, the link of
the variability of the genetic EPO mechanism and the individual
EPO response to high altitude has been studied [31]. The authors
investigated a possible correlation of polymorphic bases linked to
the functionally important genes, such as EPO, EPO-receptors,
HIF-1α, pVHL, prolyl hydroxylase genes and others, to individual variation of EPO level during hypoxic exposure to identify
the responsible gene(s). However, no convincing association was
found. Nevertheless, the impact of other genetic factors can not
be excluded. It should be noted that the altitude used was only
2500 m, and one could speculate that as the drive for EPO production becomes greater with increasing altitude, that also the
«non EPO responding effect» becomes equally reduced, and eventually diminishes. While the effects of HIF-1 on plasma EPO
levels seem straightforward, the effect on muscle tissue is virtually
unknown (see below).
It is well known that muscle fibre capillarity is increased with
regular endurance exercise. Such an adaptation is advantageous
since a given amount of blood will pass the muscle fibers at a slower flow rate, and therefore increase the time for gas and metabolite
exchange across the fibre. Thus, an increased capillary density
could be a logical adaptive mechanism to chronic hypoxia exposure. HIF-1α has been recognized to cause an increased expression
of at least one important angiogenic factor, VEGF [35].
Under normoxic condition, it is reported that the VEGF mRNA
expression correlates positively with the mRNA expression of
HIF-1α and HIF-1β in resting human muscle [20] and after acute
exercise-induced changes in VEGF, HIF-1α and HIF-1β mRNA
expression [19]. Of note, it is still unknown as whether the modified
VEGF mRNA expression is caused by altered HIF-1 expression.
Alternatively, one might postulate that similar stimuli influence
mRNA transcription and/or stabilization of VEGF and both HIF-1
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Adenylate kinase 3 (AK-33)
Adrenomedullin (ADM)
Aldolase A (ALDA)
Aldolase C (ALDC)
ANF/GPI
Autocrine mobility factor (AMF/GPI)
α1B-adrenergic receptor (α1B-AR)
Carbonic anhydrase 9 (CA-9)
Cathepsin D (CATHD)
Ceruloplasmin
c-MET
Collagen type V (α1)
Cyclin G2
Differentiated embryo-chondrocyte expressed gene 1,2
(DEC1,2)
Ecto-5’-nucleotidase
Endocrine-gland-derived VEGF (EG-VEGF)
Endoglin (ENG)
Endothelin-1 (ET-1)
Enolase 1 (ENO1)
Erythropoietin (EPO)
ETS-1
Ferrochelatase (FECH)
[44]
Fibronectin 1 (FN1)
Glucose transporter 1,3 (GLUT1,3)
Glyceraldehyde-3-P-dehydrogenase (GAPDH)
Haem oxygenase-1 (HO-1)
Hexokinase 1, 2 (HK1, 2)
Inhibitor of differentiation/DNA binding 2 (ID2)
[45]
Insulin-like growth-factor (IGF2)
Insulin-like growth-factor-binding-protein 1, 2, 3
(IGF-BP1, 2, 3)

Intestinal trefoil factor
Kreatin 14, 18, 19 (KRT14, 18, 19)
Lactate dehydrogenase A (LDHA)
LDL-receptor-related protein (LRP1)
Leptin (LEP)
LDL-receptor-related protein 1 (LRP1)
Metalloproteinase (MMP2)
MIC2
Multidrugresistance (MDR1)
NIP3
Nitric oxide synthase 2 (NOS2)
NIX
NUR77
Phosphofructokinase L (PFKL)
Phosphoglyceratekinase 1 (PGK1)
6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
(PFKBF3)
Plasminogen-activator inhibitor 1 (PAI1)
Prolyl-4-hydroxylase α
Pyruvate kinase (PKM)
p35srj
RTP801
Transferin
Transferin receptor
Transforming growth factor-α (TGF-α)
Transforming growth factor-β3 (TGF- β3)
Transglutaminase 2
Triosephosphate isomerase (TPI)
Urokinase plasminogen activator receptor (UPAR)
Vascular growth factor (VEGF)
Vimentin (VIM)
WAF-1

Table 1: HIF-1 target genes (adapted from 40, 76 and updated)

subunits. Therefore, more investigations are required to understand this aspect.
Data obtained from hypoxic animals are controversial. An increase in VEGF mRNA was found in rat brain after 6 hours
of 10% O2 (equivalent to about 5500 m) exposure [5], and remained elevated for 14 days, but returned to normoxic levels after
21 days. The same result was found in rat skeletal muscle after 1 h
at 6% hypoxia [71]. In contrast, another study reported a surprising attenuation of resting VEGF mRNA after 8 weeks exposure
to 12% O2 in the same muscle and species [55]. Interestingly, it
has been shown in some animal studies that capillarisation can be
augmented by the formation of new capillaries if the animals are
exposed to altitude. In human muscle however, no increase in the
formation of new capillaries has been reported even after very long
exposure times [46] or following exposures to very high altitudes
[26]. Increased muscle fibre capillarisation upon acclimatization
has been shown, however, this occurred secondary to a decrease
in muscle fibre size [26, 47]. It is possible that the catabolic state
associated with gastroenteritis in Himalayan mountaineering [26]
and decreased physical activity in hypobaric chambers [47] is the
main trigger for the reported muscle atrophy. On the other hand,
an increase of the muscle capillary density was demonstrated when
high-intensive exercise training is performed during a period of 6
weeks at hypoxia while the rest of the day is spent at normoxic conditions («living low – training high») [75]. The authors reported
that the level of the HIF-1α mRNA increases after training under

hypoxic conditions, independently on the training’s intensity. Unexpectedly, an elevated VEGF and phosphofructokinase mRNA
level was only found after high-intensive training at hypoxia. This
apparent discrepancy on the VEGF mRNA response might be
explained by the additive effects of hypoxia and mechanical training stimuli. Of note, metabolic stress, like glucose deprivation, is
known to induce VEGF expression. Obviously, these data imply
that HIF-1 is involved in the regulation of muscle adaptations after
hypoxia training.
Outlook
The role of HIF-1 in healthy humans is far from being well understood. In cell lines, HIF-1 is increased very rapidly, and decreases
over time even in a hypoxic milieu. Most probably, a similar respond occurs in humans. When exposed to altitude, plasma EPO is
increased rapidly, most likely as a consequence of HIF-1 stimulation, where after the plasma EPO concentration decreases toward
sea level values, and thus follows a similar pattern as HIF-1 in cell
lines. In contrast to the induction of EPO levels in blood, the responses of HIF-1 in the human skeletal muscle are unclear. In most
animals, hypoxia leads to angiogenesis most probably induced by
augmented VEGF levels. In contrast, human skeletal muscle ultra
structure does not respond to hypoxia, but responds when hypoxia
is combined with exercise. Thus, it seems that some of the main
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responses of HIF-1 obtained from cell lines or animal studies are
compatible with human acclimatization to high altitude whereas
others are not. Future research on the functional role of HIF-1 in
human acclimatization to altitude should focus on the quantification of HIF-1 in muscle, and to what extent the expected elevation
alters muscle morphology and increased glucose metabolism.
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