
The complexity of metazoan life is sustained by ener-
gy generated through the oxidative metabolism of glu-
cose and fatty acids in the mitochondria, which results
in the production of reducing equivalents that are
used to maintain an electrochemical gradient that
drives ATP synthesis. This highly efficient mechanism
for producing ATP is dependent on the utilization of
O2 as the terminal electron acceptor at complex IV of
the respiratory chain. When electrons react with O2

prematurely (e.g., at complex III), reactive oxygen
species (ROS) are generated. Tonic, low-level ROS pro-
duction represents a signal that mitochondrial func-
tion is intact, whereas increased ROS production,
resulting from reduced or fluctuating O2 availability, is
a danger signal that the cell is at risk of oxidative dam-
age and, if uncorrected, death. Our understanding of
the mechanisms by which cells and organisms sense
hypoxia have dramatically advanced over the last two
decades, principally through the discovery of hypoxia-
inducible factor 1 (HIF-1) and the delineation of its
role as a master regulator of oxygen homeostasis. This
paper will provide an update on advances that have
occurred in the field of oxygen biology since it was last
reviewed in the inaugural issue of Physiology (70). 

Oxygen Sensing and 
Signal Transduction

Increased or decreased O2 availability results in hyper-
oxia or hypoxia, respectively. Hyperoxia occurs 
physiologically as a result of excessive (“overshoot”)
angiogenesis (80) and clinically when O2 is delivered
to patients at inappropriately high concentrations.
Hypoxia is a fundamental physiological stimulus that
occurs in response to tissue growth during normal
development (11, 38, 80, 91, 92) and in disease states,
such as anemia, hemorrhage, and pneumonia, that
have afflicted humans and their ancestors throughout

time and therefore have exerted selective pressure for
the evolution of adaptive responses. In addition, mod-
ern man is afflicted by novel scourges associated with
living long and/or unwisely, such as tobacco-related
lung disease, atherosclerotic cardiovascular disease,
and cancer, that have not exerted selective pressure
due to their late onset, both with respect to reproduc-
tion of the individual and evolution of the species.
Hypoxia can occur continuously or intermittently and
be either acute or chronic in duration. Whereas chron-
ic continuous hypoxia may occur either in a physio-
logical or pathological context, chronic intermittent
hypoxia only occurs in a pathological context. The dis-
tinction between physiological and pathological
responses to hypoxia is important and will be delin-
eated in greater detail below. 

Continuous hypoxia

HIF-1 is a heterodimeric protein that is composed of a
constitutively expressed HIF-1� subunit and an O2-
regulated HIF-1� subunit (88). Under normoxic 
conditions, the HIF-1� subunit is synthesized and
subjected to hydroxylation on proline residue 402
and/or 564 by prolyl hydroxylase domain (PHD) 
proteins (principally PHD2) that use O2 and �-ketog-
lutarate as substrates (FIGURE 1A) to catalyze a dioxy-
genase reaction in which one oxygen atom is inserted
into the proline residue and the other oxygen atom is
inserted into �-ketoglutarate to form succinate and
CO2 (12, 30). The protein OS-9 binds to both PHD2
and HIF-1�, thereby facilitating hydroxylation (4).
Prolyl hydroxylation is required for the binding of the
von Hippel-Lindau protein (VHL), which interacts
with Elongin C and thereby recruits a ubiquitin ligase
complex (30, 31). The protein SSAT2, which interacts
with HIF-1�, VHL, and Elongin C, stabilizes the inter-
action of VHL with Elongin C, thereby facilitating
ubiquitination of HIF-1� (2). Ubiquitination marks
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Intermittent hypoxia

Brief episodes of hypoxia and reoxygenation (intermit-
tent hypoxia) are known to occur during swimming as
a consequence of apneas triggered by the naso-pha-
ryngeal reflex (60). Of greater concern is the chronic
intermittent hypoxia that occurs as a result of obstruc-
tive sleep apnea and causes cardiovascular disease
(34), as will be discussed below. Despite the fact that
intermittent hypoxia involves short (15–30 s) episodes
of hypoxia followed by longer (e.g., 5 min) periods of
reoxygenation, HIF-1 activity is induced, albeit by
mechanisms that are distinct from those regulating its
activity under conditions of chronic hypoxia (96). 

The signal transduction pathways by which inter-
mittent hypoxia activates HIF-1 have been delineated
in the PC12 rat pheochromocytoma cell line, in which
hypoxia was previously (13) shown to induce mem-
brane depolarization and increased intracellular Ca2+

([Ca2+]i). When these cells were exposed to 60 cycles of
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HIF-1� for degradation by the proteasome (68). FIH-1
binds to HIF-1� and negatively regulates transactiva-
tion function (49) by hydroxylating asparagine residue
803, which blocks the interaction of the HIF-1� trans-
activation domain with the co-activator p300 or CBP
(41). Thus both the stability and transcriptional activi-
ty of HIF-1 are negatively regulated by O2-dependent
hydroxylation (FIGURE 1A). 

When cells are acutely subjected to hypoxia, the
hydroxylation reactions are inhibited as a result of
substrate (O2) deprivation and/or increased mito-
chondrial production of ROS, which may inhibit the
hydroxylases by oxidizing a ferrous ion in the catalytic
site (24, 30). The loss of hydroxylase activity increases
HIF-1� stability and transactivation function, leading
to its dimerization with HIF-1�, binding of HIF-1 to its
recognition sequence 5’-(A/G)CGTG-3’ (71) in target
genes, and increased transcription of target gene
sequences into mRNA. 

REVIEWS

FIGURE 1. Oxygen-dependent regulation of HIF-1 activity
A: the structural domains of HIF-1� are shown. The basic helix-loop-helix (bHLH) and Per-ARNT-Sim homology (PAS)
domains mediate dimerization with HIF-1� (ARNT) and DNA binding; the oxygen-dependent degradation domain
(ODD) encompasses the sites of prolyl hydroxylation (POH) that are required for VHL binding; and the transactivation
domain (TAD) encompasses the site of asparaginyl hydroxylation (NOH) that blocks binding of the coactivators p300
and CBP. The prolyl (PHD2) and asparaginyl (FIH-1) hydroxylases utilize O2 and �-ketoglutarate (�-KG) as substrates.
Protein-protein interactions are indicated by double-sided arrows. B: the signal transduction pathways by which inter-
mittent hypoxia induces HIF-1� protein synthesis (red), protein stability (green), and transactivation (blue) are shown. 
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1.5% O2 for 30 s followed by 20% O2 for 5 min, HIF-1�

protein and HIF-1 transcriptional activity were
induced and increased further after 120 cycles (95). In
these cells, intermittent hypoxia triggered NADPH oxi-
dase-dependent ROS production, which induced
phospholipase C� activity, leading to the generation of
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol
(FIGURE 1B). Binding of IP3 to its cognate receptor
led to mobilization of intracellular Ca2+, which activat-
ed calcium-calmodulin kinase (CamK) and, together
with diacylglycerol, induced protein kinase C (PKC)
activity. PKC stimulated mTOR-dependent HIF-1�

synthesis and inhibited PHD2-dependent degradation
of HIF-1� (96). CamK phosphorylated the coactivator
p300, thereby promoting its interaction with HIF-1�,
leading to transcriptional activation (95). In contrast to
continuous hypoxia, in which HIF-1� is rapidly degrad-
ed (t1/2 < 5 min) on reoxygenation (88), HIF-1� levels
remain persistently elevated following intermittent
hypoxia due to the persistent activation of mTOR (96),
a finding that has significance in the context of

obstructive sleep apnea, in which pathological cardio-
vascular and respiratory responses persist for hours
after the termination of intermittent hypoxia (63). 

Oxygen-Independent Mechanisms
for Regulating HIF-1

In addition to the O2-dependent pathways described
above, O2-independent pathways regulating the syn-
thesis and the degradation of HIF-1� have been delin-
eated. These pathways appear to be particularly
important in the context of cancer. 

Regulation of HIF-1�� degradation

Although the PHD2-VHL pathway is the critical mecha-
nism regulating HIF-1� stability in response to changes
in O2 concentration (FIGURE 1A), recent studies have
revealed that the RACK1 protein can bind to HIF-1�

and interact with Elongin C, thereby recruiting an E3
ubiquitin-protein ligase complex (46). RACK1 can sub-
stitute for VHL to promote ubiquitination and
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FIGURE 2. Oxygen-independent regulation of HIF-1�� protein levels
A: the regulation of HIF-1� protein stability by RACK1 is shown. RACK1 binding is increased by treatment with the heat shock protein 90 (HSP90)
inhibitor 17-allylaminogeldanamycin (17-AAG) or by the calcineurin inhibitor cyclosporine A (CsA). Binding of Ca2+ to calmodulin (Cam) activates cal-
cineurin phosphatase activity, which inhibits RACK1 dimerization. B: the regulation of HIF-1� protein synthesis by the PI3K-AKT-mTOR (purple) and
MAP kinase (orange) pathways, which mediate phosphorylation of key regulators of translation (red), is shown. Arrow and blocked arrow indicate
activation and inhibition, respectively. 
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Regulation of HIF-1�� synthesis

The principal mechanism for transducing extracellu-
lar signals to the nucleus is by the binding of growth
factors, cytokines, and other ligands to cognate recep-
tor tyrosine kinases and G-protein-coupled receptors
on the cell surface, leading to the activation of the
phosphatidylinositol-3-kinase (PI3K) and MAP kinase
pathways (FIGURE 2B). Signal transduction through
these pathways stimulates cell survival, growth, and
proliferation. An inevitable consequence of cell
growth and proliferation is increased O2 consumption,
so it is perhaps not surprising that these same signal
transduction pathways induce what can be considered
pre-emptive HIF-1 activity because it occurs in an O2-
independent manner (19, 42, 85, 98). 

Treatment of MCF-7 human breast cancer cells with
heregulin, which binds to heterodimers composed of
the human epidermal growth factor receptor family
members HER2 and HER3, activates PI3K, which
phosphorylates the serine-threonine kinase AKT (pro-
tein kinase B). Activated AKT phosphorylates and acti-
vates the mammalian target of rapamycin (mTOR).
Activated mTOR phosphorylates two key regulators of
translation, p70 S6 kinase (p70S6K) and eIF-4E binding
protein 1 (4E-BP1). Activated p70S6K phosphorylates
ribosomal protein S6, whereas phosphorylation of 4E-
BP1 blocks its ability to interact with and inhibit 
eIF-4E, a critical regulator of cap-dependent mRNA
translation (FIGURE 2B), and these actions of mTOR
increase the rate of translation of a subset of cellular
mRNAs (25, 28). Heregulin treatment increases the
synthesis of HIF-1� protein in MCF-7 cells, and this
effect is blocked by rapamycin, which is a specific
inhibitor of mTOR activity (42). As in the case of
HSP90 inhibitors (FIGURE 2A), rapamycin and its
derivatives are a class of drugs currently in clinical trials
as anti-cancer agents, and their anti-cancer effects are
strongly associated with their inhibition of HIF-1 (50, 83). 

HIF-1-Mediated Adaptive Responses
to Hypoxia

HIF-1 mediates cell autonomous, tissue-restricted, and
systemic homeostatic responses to hypoxia. An illustra-
tive example of each of these is described below. 

Erythropoiesis

Red blood cells function to deliver O2 from the lungs to
every cell in the body. Acute blood loss, ascent to high
altitude, and pneumonia each results in a reduction in
the blood O2 content. The ensuing tissue hypoxia
induces HIF-1 activity in cells throughout the body,
including specialized cells in the kidney that produce
erythropoietin (EPO), a glycoprotein hormone that is
secreted into the blood and binds to its cognate recep-
tor on erythroid progenitor cells, thereby stimulating
their survival and differentiation (29). Analysis of the
sequences regulating hypoxia-induced EPO gene
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degradation of HIF-1� (FIGURE 2A), with the critical
distinction that RACK1-HIF-1� interaction is not O2-
regulated. Although RACK1 was originally identified
as a protein that stabilized interactions between PKC
and its substrates, PKC activity is not required for
RACK1-mediated ubiquitination and degradation of
HIF-1� (46). 

RACK1-mediated HIF-1� degradation has been
demonstrated in two contexts. First, heat shock pro-
tein 90 (HSP90) is known to bind to HIF-1�, and
HSP90 inhibitors have been shown to inhibit tumor
growth and to induce proteasomal degradation of
HIF-1� even in cells lacking VHL (26). RACK1 was
shown to compete with HSP90 for binding to the
PAS-A subdomain of HIF-1� (46). Treatment with an
HSP90 inhibitor such as 17-allylaminogeldanamycin
results in unopposed RACK1 binding leading to
increased ubiquitination and degradation of HIF-1�.
The ability of HSP90 inhibitors to induce HIF-1�

degradation is dependent on RACK1 expression
(46). These studies have delineated a novel mecha-
nism of action contributing to the anti-cancer effect
of HSP90 inhibitors. 

RACK1 also appears to contribute to the mecha-
nism of action of another important drug,
cyclosporine A, which is an immunosuppressant that
prevents tissue rejection following transplantation by
inhibiting calcineurin, a Ca2+/calmodulin-dependent
serine/threonine protein phosphatase (44).
Cyclosporine A has been shown to inhibit hypoxia-
induced HIF-1� expression (14, 37). RACK1 consists of
seven copies of the tryptophan-aspartate-rich WD40
repeat domain and forms dimers through homotypic
interactions between the fourth WD40 (WD4) repeat
domain (84). HIF-1� and Elongin C bind to the WD7
repeat domain on separate RACK1 monomers such
that dimerization is required for RACK1 to recruit Elongin
C to HIF-1� (47). Phosphorylation of RACK1 promotes its
dimerization, and the catalytic subunit of calcineurin
binds to RACK1 and mediates its dephosphorylation,
thereby inhibiting dimerization and RACK1-dependent
HIF-1� degradation (FIGURE 2A). Ionomycin, a calcium
ionophore, was shown to increase HIF-1� levels even in
RCC4 cells, which lack functional VHL (47). Thus cal-
cineurin activation represents another mechanism, in
addition to those identified in the response to intermittent
hypoxia (FIGURE 1B), by which calcium signaling can
increase HIF-1 activity (FIGURE 2A). 

SSAT1, which shares 46% amino acid identity with
SSAT2, also binds to HIF-1� and promotes its ubiqui-
tination and degradation (3). However, in contrast to
SSAT2, which stabilizes the interaction of VHL and
Elongin C (FIGURE 1A) and thereby promotes O2-
dependent ubiquitination (2), SSAT1 acts by stabiliz-
ing the interaction of HIF-1� with RACK1 (FIGURE
2A). Thus the paralogs SSAT1 and SSAT2 play comple-
mentary roles in promoting O2-independent and O2-
dependent degradation of HIF-1�, respectively. 
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transcription led to the discovery of HIF-1 (72).
Subsequently, HIF-1 has been shown to orchestrate
erythropoiesis by coordinately regulating the expres-
sion of multiple genes encoding proteins responsible
for the intestinal uptake, tissue recycling, and delivery
of iron to the bone marrow for its use in the synthesis
of hemoglobin (FIGURE 3A), including transferrin
(66), transferrin receptor (48, 81), ceruloplasmin (53),
and hepcidin (59). In addition, HIF-1 also activates
transcription of the EPO receptor (51). 

Erythyropoiesis is impaired in Hif1a–/– (homozy-
gous HIF-1�-null) embryos and the erythropoietic
defects in HIF-1�-deficient erythroid colonies could
not be corrected by cytokines, such as vascular
endothelial growth factor (VEGF) or EPO, but were
ameliorated by administration of Fe-salicylaldehyde
isonicotinoylhydrazone, a compound that can deliver
iron into cells independently of iron transport pro-
teins, which was consistent with reduced levels of
transferrin receptor in HIF-1�-deficient embryos and
yolk sacs (93). In contrast, deficiency of HIF-2�

(which, like HIF-1�, is O2 regulated, dimerizes with
HIF-1� and activates target gene expression) has a
major effect on EPO production in adult mice (23). 

Angiogenesis

Erythropoiesis represents an adaptive response to sys-
temic hypoxia. In contrast, angiogenesis represents a
local tissue response to decreased oxygenation. As cells
grow and proliferate, their consumption of O2 increases
and HIF-1 activity is induced, either as a result of pre-
emptive growth factor-mediated induction (FIGURE 2B)
or as a result of tissue hypoxia (FIGURE 1A). HIF-1
then coordinately activates the transcription of multi-
ple genes encoding angiogenic growth factors and
cytokines (FIGURE 3B), including vascular endothelial
growth factor (VEGF), stromal-derived factor 1 (SDF-
1), placental growth factor (PLGF), angiopoietin 1 and
2, and platelet-derived growth factor B (5, 8, 18, 32, 76),
which bind to cognate receptors on vascular endothe-
lial and smooth muscle cells as well as on endothelial

progenitor cells, mesenchymal stem cells, and other
bone marrow-derived angiogenic cells (FIGURE 3B).
In addition, HIF-1 regulates the expression of CXCR4
(79), which is the receptor for SDF-1, and VEGFR1 (22,
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FIGURE 3. Adaptive responses to hypoxia
A: the regulation of erythropoiesis is shown. Direct HIF-1
target genes are indicated in blue. Arrow and blocked
arrow indicate activation and repression, respectively. B:
the regulation of angiogenesis is shown. Direct HIF-1 tar-
get genes are indicated in blue, whereas genes that may
be either direct or indirect (secondary) targets of HIF-1
are indicated in maroon. The combination arrow/blocked
arrows indicate that the genes encoding angiopoietin
(ANGPT) 1 and 2 may be activated or repressed by HIF-1
in response to hypoxia depending on the cell type. C:
the regulation of glucose and energy metabolism is
shown. Green numerals indicate processes that are stim-
ulated by HIF-1: 1) COX4-1 to COX4-2 subunit switch; 2)
expression of glucose transporters GLUT1 and GLUT3; 3)
expression of glycolytic enzymes; 4) expression of lactate
dehydrogenase A; and 6) mitochondrial autophagy. Red
numeral indicates process that is inhibited by HIF-1: 5)
pyruvate dehydrogenase activity. AcCoA, acetyl coen-
zyme A; ETC, electron transport chain; TCA, tricarboxylic
acid cycle. 
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thesis, which must be compensated for by increased
glucose uptake via glucose transporters and increased
conversion of glucose to lactate by the activity of gly-
colytic enzymes and lactate dehydrogenase A 
(FIGURE 3C), which are all encoded by HIF-1 target
genes (27, 67, 69, 71). 

Induction of PDK1 expression will inhibit the oxida-
tive metabolism of AcCoA derived from glucose but will
not affect the oxidative metabolism of AcCoA derived
from fatty acids. The most draconian response to per-
sistent hypoxia is the active destruction of mitochon-
dria by selective mitochondrial autophagy (97).
Remarkably, mouse embryo fibroblasts (MEFs) cul-
tured at 1% O2 reduce their mitochondrial mass by
~75% within 48 h through autophagy that is initiated by
the HIF-1-dependent expression of BNIP3, a mitochon-
drial protein that competes with Beclin1 for binding to
Bcl2, thereby freeing Beclin1 to trigger autophagy (97). 

The adaptive significance of these metabolic
responses to hypoxia were revealed by the finding that
HIF-1�-deficient MEFs die when cultured under
hypoxic conditions for 72 h due to dramatically
increased ROS levels (35, 69). The cells can be rescued
by overexpression of PDK1 or BNIP3, or by treatment
with free-radical scavengers (35, 69). It has long been
known that mitochondrial ROS production increases
under hyperoxic conditions (87). However, recent
studies have demonstrated that acute hypoxia also
leads to increased mitochondrial ROS production,
which is required for the inhibition of HIF-1� hydrox-
ylase activity (24). Exposure of wild-type (WT) MEFs to
hypoxia for 48 h results in reduced ROS levels, in con-
trast to Hif1a–/– MEFs in which ROS levels are marked-
ly increased (35, 97). 

The following conclusions can be drawn regarding
the metabolic adaptation to hypoxia. The increase in
glycolysis and decrease in respiration that occur in
response to hypoxia do not represent a passive effect
of substrate (O2) deprivation but instead represent an
active response of the cell to counteract the reduced
efficiency of respiration under hypoxic conditions,
which in the absence of adaptation results in the accu-
mulation of toxic levels of ROS. These studies indicate
that a major role of HIF-1 is to establish, at any O2 con-
centration, the optimal balance between glycolytic
and oxidative metabolism that maximizes ATP pro-
duction without increasing ROS levels. Finally, analy-
sis of lung tissue from non-hypoxic Hif1a+/– mice,
which are heterozygous for a HIF-1�-null allele and
thus partially HIF-1� deficient, revealed an ~50%
decrease in mitochondrial mass compared with WT
littermates (97). This remarkable finding indicates that
HIF-1 regulates mitochondrial metabolism even in the
tissue exposed to the highest PO2, indicating that HIF-
1 performs this critical function over the entire range
of physiological PO2. Thus HIF-1 maintains the meta-
bolic/redox homeostasis that is essential for metazoan
cells to live with O2. 
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55), which binds VEGF and PLGF. Thus, as described
above for erythropoiesis, HIF-1 functions as a master
regulator to control angiogenesis at multiple levels and
vascularization fails in Hif1a–/– (homozygous HIF-1�-
null) embryos (27, 67), whereas Hif1a+/– (heterozygous
HIF-1�-null) adult mice have impaired vascularization
following arterial occlusion (5). 

Whereas the hypoxia-induced expression of HIF-1
provides a mechanism to ensure that every cell receives
adequate perfusion in young and healthy animals,
aging and diabetes impair angiogenesis (FIGURE 3B)
by inhibiting the induction of HIF-1 (5, 9, 10, 45).
Remarkably, this impairment of angiogenesis can be
overcome by HIF-1� gene therapy in ischemic muscle
(5) and wound tissue (45) or by local administration of
desferrioxamine, an iron chelator that inhibits the HIF-
1� hydroxylases, into ischemic skin (10). 

Glucose and energy metabolism

Individual cells must adapt to O2 deprivation by repro-
gramming their metabolism. The metabolic alterations
that are induced by hypoxia are profound (FIGURE 3C).
Perhaps the most subtle adaptation identified thus far
is a subunit switch that occurs in cytochrome c oxidase
(COX; complex IV), in which the COX4-1 regulatory
subunit is replaced by the COX4-2 isoform as a result
of HIF-1-mediated transcriptional activation of genes
encoding COX4-2 and LON, a mitochondrial protease
that is required for the hypoxia-induced degradation
of COX4-1 (20). This subunit switch serves to optimize
the efficiency with which COX transfers electrons to O2

under hypoxic conditions. Remarkably, the budding
yeast Saccharomyces cerevisiae also switches COX sub-
units in response to hypoxia (40) but does so by a com-
pletely different molecular mechanism since yeast do
not have a HIF-1 homolog. The similar regulation of
COX activity in yeast and human cells indicates that
the selection for O2-dependent homeostatic regula-
tion of mitochondrial respiration is ancient and likely
to be shared by all eukaryotic organisms (20). 

A more drastic alteration is the shunting of pyruvate
away from the mitochondria by the HIF-1-mediated
activation of the PDK1 gene encoding pyruvate dehy-
drogenase (PDH) kinase 1 (35, 56), which phosphory-
lates the catalytic subunit of PDH, the enzyme that 
converts pyruvate into acetyl coenzyme A (AcCoA) for
entry into the mitochondrial tricyclic acid cycle 
(FIGURE 3C), which generates reducing equivalents
that are donated to the electron transport chain. The
reduced delivery of substrate to the mitochondria for
oxidative phosphorylation results in reduced ATP syn-
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HIF-1-Mediated Pathological
Responses to Hypoxia

Continuous hypoxia and 
pulmonary hypertension

The only organ to receive 100% of cardiac output is the
lungs, which receive the blood that is pumped from
the right ventricle. The pulmonary arterial circulation
functions to load erythrocytes with O2. Blood is then
returned to the left heart from which it is pumped
through the systemic circulation to all tissues of the
body. Arterioles in the systemic circulation dilate in
response to hypoxia, which is an autoregulatory
device to maintain tissue oxygenation. In contrast,
arterioles in the pulmonary circulation constrict in
response to hypoxia to shunt blood away from lung tis-
sue that is not oxygenated. Whereas this is an adaptive
response in the setting of pneumonia, it is maladaptive
in the setting of chronic lung disease, in which alveo-
lar hypoxia is widespread. The right ventricle is forced
to pump against greater resistance (pulmonary hyper-
tension), resulting in ventricular hypertrophy and 
ultimately heart failure. HIF-1 plays a key role in this
maladaptive response as determined in a mouse
model in which animals are maintained in an ambient
O2 concentration of 10% for 3 wk (94). 

HIF-1 mediates multiple pathogenic responses of
pulmonary artery smooth muscle cells (PASMCs) to
hypoxia. HIF-1 inhibits the expression of the voltage-
gated potassium channels Kv2.1 and Kv1.5 (90) and
activates expression of the TRPC1 and TRPC6 store-
operated calcium channels (89). Increased [K+]i and
[Ca2+]i trigger depolarization of PASMCs (74) and ves-
sel constriction (FIGURE 4A). In addition, HIF-1 pro-
motes the expression of endothelin-1, both in PASMCs
and endothelial cells, leading to activation of endothe-
lin receptors on PASMCs, which promotes further Kv

channel downregulation and vasoconstriction (89).
HIF-1 also induces expression of the sodium-hydro-
gen exchanger NHE1, which increases intracellular pH
(73). Increased [H+]i and [Ca2+]i in PASMCs promote
cell proliferation. Finally, HIF-1 induces PASMC
hypertrophy through mechanisms that have yet to be
delineated (74). The combination of PASMC hypertro-
phy, constriction, and proliferation causes the reduc-
tion in the luminal diameter of pulmonary arterioles
that underlies pulmonary hypertension (FIGURE 4A). 

Mice heterozygous for a knockout allele at the locus
encoding HIF-1� (94) or HIF-2� (7) are resistant to the
development of hypoxia-induced pulmonary hyper-
tension that is observed in their WT littermates.
Remarkably, individuals with Chuvash congenital
polycythemia, who are homozygous for an arginine-
to-tryptophan missense mutation at residue 200 in
VHL that impairs its ability to bind to hydroxylated
HIF-1� (1), have increased basal ventilation and pul-
monary vascular tone, and augmented pulmonary
vasoconstrictive and cardiorespiratory responses to

acute hypoxia (77). This phenotype is a striking com-
plement to the impaired pulmonary vasoconstrictive
and cardiorespiratory responses to chronic hypoxia
that are observed in Hif1a+/– mice (36, 94). 

Chronic intermittent hypoxia and 
systemic hypertension

Whereas chronic continuous hypoxia induces pul-
monary hypertension, chronic intermittent hypoxia
(CIH) induces systemic hypertension. CIH occurs in
individuals with obstructive sleep apnea (OSA), in
which airway occlusion results in cessation of breath-
ing leading to hypoxemia, which then arouses the
individual to breathe. OSA may be a contributing fac-
tor in 30% of patients with essential hypertension (43).
The carotid body is a small chemosensory organ locat-
ed at the bifurcation of the internal and external
carotid arteries that senses arterial PO2. CIH induces
signaling from the carotid body that activates the sym-
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adaptive responses that have evolved to maintain oxy-
gen homeostasis as well as the maladaptive responses
that result from unhealthy aspects of our life style, and
to translate that understanding into the prevention
and treatment of disease. 
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pathetic nervous system, leading to increased cate-
cholamine secretion, which increases arterial tone,
leading to hypertension (43, 61). Exposure of Hif1a+/–

mice and their WT littermates to CIH for 10 days
results in marked increases in systolic and diastolic
blood pressures and a significant elevation in plasma
norepinephrine concentration in the WT mice, where-
as their Hif1a+/– littermates are unaffected (58).
Remarkably, the carotid bodies of Hif1a+/– mice,
although structurally and histologically normal, do
not respond to hypoxia, although they respond nor-
mally to CO2 and cyanide (36, 58). 

CIH induces ROS production in rodents (62) and
humans (16) and induces HIF-1� expression (58).
Administration of the superoxide scavenger 
manganese tetrakis(1-methyl-4-pyridyl)porphyrin
pentachloride to WT mice blocks CIH-induced ROS
production (57), hypertension (39), and HIF-1�

induction (58). Remarkably, in Hif1a+/– mice, there is a
complete loss of CIH-induced HIF-1� expression and
ROS production (58). These results indicate that ROS
production is required for HIF-1� induction and that
HIF-1� induction is required for ROS production, sug-
gesting a feed-forward mechanism in which ROS
induces HIF-1�, which induces more ROS, leading to
higher HIF-1� expression (FIGURE 4B). 

In contrast to the physiological response to continu-
ous hypoxia observed in MEFs described above, in
which HIF-1 activity ameliorates increases in ROS lev-
els, the pathological response to CIH is characterized
by a HIF-1-dependent increase in ROS levels. OSA is a
complication of obesity and, like other complications
of obesity, has not been subject to evolutionary selec-
tion due to its recent origin. Thus, as in the case of
hypoxic pulmonary hypertension, a nonphysiological
stimulus (CIH) elicits a maladaptive response in
which HIF-1 contributes to disease pathogenesis. 

Summary and Perspective

This review has summarized a small sample of the
tremendous progress that has been made recently in
understanding the molecular physiology of oxygen
homeostasis and how it is dysregulated in various dis-
ease processes. The interested reader is encouraged to
consult the many recent reviews that discuss other
important aspects of hypoxic adaptation, which are
not covered here due to space limitations (6, 15, 17, 21,
33, 52, 54, 65, 75, 78, 82, 86, 99). Because metazoan life
on earth is absolutely dependent on O2, it should not
come as a surprise that O2 and its homeostatic regula-
tion by HIF-1 play essential roles that broadly span the
fields of physiology and medicine. Clinical trials of
drugs that inhibit HIF-1 in cancer patients and of HIF-
1 gene therapy in patients with peripheral arterial 
disease are underway (52, 64). Four years after the
inaugural issue of Physiology, the grand challenges
remain: to further advance our understanding of the
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