
Review

Role of hypoxia-inducible factor in cell survival during
myocardial ischemia–reperfusion

G Loor1 and PT Schumacker*,2

Hypoxia-inducible factor (HIF) is the principal transcription factor involved in the regulation of transcriptional responses to
hypoxia. During hypoxia, HIF-a levels accumulate and trigger an increase in expression of genes involved in glycolysis, glucose
metabolism, mitochondrial function, cell survival, apoptosis, and resistance to oxidative stress. In this regard, HIF activation
plays an essential role in triggering cellular protection and metabolic alterations from the consequences of oxygen deprivation.
This suggests that HIF activation should confer protection against ischemia–reperfusion (I/R) injury, although this protection
might require HIF activation before the onset of lethal ischemia. Studies using enhanced expression of HIF-1a suggest that its
upregulation may be a beneficial therapeutic modality in the treatment or prevention of ischemic injury. HIF-regulated gene
expression may mediate the late phase of preconditioning, and constitutive HIF activity may influence the expression of genes
that are required for the cell to be able to respond to acute preconditioning. This article reviews the current literature on the role
of HIF in balancing protection and cell death in the face of ischemia and I/R injury.
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The cardiovascular system supplies the tissues of the body
with blood, which delivers oxygen and nutrients that are
required for cell survival. Restriction of regional blood flow
results in ischemia, which causes the cellular oxygen tension
to decrease and the carbon dioxide tension to rise. Ischemia
also deprives cells of metabolic nutrients such as glucose.
Cells can survive under these conditions for short periods, but
when the duration of the ischemia exceeds a critical threshold,
the combined effects of tissue hypoxia and acidosis activate
cell death by necrosis and/or apoptosis. Factors that
contribute to the initiation of cell death during ischemia include
the lack of O2, tissue acidosis, increased generation of
reactive oxygen species (ROS), disruption of calcium homeo-
stasis, depletion of glycogen stores, mitochondrial injury, and
oxidative damage to DNA. The duration of the ischemic stress
is an important determinant of the resulting tissue damage, in
which short periods of ischemia are well tolerated
while prolonged periods induce significant cell death.
Clinically, the treatment of choice for ischemia involves re-
establishing blood flow to the ischemic tissue. However,
reperfusion of ischemic tissue paradoxically triggers the
morphological appearance of tissue injury, presumably by
initiating events that contribute to the activation of cell-death
pathways. This has led to the concept of ischemia–reperfu-
sion (I/R) injury as a sequence of events that contribute to
cell death.1–3

Empirically, it has been observed that different cell types
show widely differing sensitivity to ischemia. Within a given
cell type, the vulnerability to I/R-induced cell death can be
modified by ischemic preconditioning (IPC), a phenomenon
whereby repeated exposures to brief, nonlethal ischemia
confer protection against a later ischemic insult.4–9 While IPC
can induce immediate protection that presumably does not
involve de novo expression of new genes, the same stimulus
also induces a ‘late window’ of protection that requires
transcriptional activation.10 In this regard, increasing evidence
suggests that cell survival during I/R can be influenced by the
expression of genes that promote glycolysis, suppress ROS
production, limit mitochondrial metabolism, and inhibit pro-
apoptotic protein expression. Hypoxia-inducible factor (HIF)
is a set of transcription factors that regulate the expression
of nearly 200 genes that can affect the cellular adaptive
responses to hypoxia and/or ischemia.11–15 This review will
examine the activation of HIF in response to hypoxia, and
examine the evidence suggesting the potential benefits or
deficits arising from HIF activation in I/R injury.

Regulation of HIF During Hypoxia

The hypoxia-inducible factor transcription factors function
as master regulators of gene expression in response to
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hypoxia.16 HIF is a heterodimer comprised of a and b subunits,
which are constitutively expressed.17,18 Expression of the
b subunit (ARNT) is independent of [O2], whereas protein
stability of the a subunit is regulated in accordance with
cellular O2 levels.17,19–21 Under normoxic conditions, the a
subunit is degraded through a process involving hydroxylation
of conserved proline residues in a region of the peptide
referred to as the oxygen-dependent degradation (ODD)
domain.20,22 A family of 2–oxoglutarate-dependent prolyl-
4-hydroxylases (PHDs) is responsible for this event, which
requires O2, iron, 2-oxoglutarate (a-ketoglutarate), and
ascorbate. The hydroxylated proline residues in the ODD
domain of HIF-a facilitate recognition by the vonHippel-Lindau
(vHL) protein.23,24 The vHL protein functions as the E3
ubiquitin ligase that labels the a subunit for degradation by the
proteasome.23–25 Therefore, only low levels of HIF activity are
sustained under normoxia. During hypoxia, the activity of
PHDs becomes inhibited, allowing the a subunit to accumu-
late, heterodimerize with ARNT, and initiate transcription.19,26

Other aspects of HIF regulation include hydroxylation of
conserved asparagine residues in the C-terminal region of
HIF-a, which contributes to the regulation of HIF transcrip-
tional activity.27,28 Two isoforms of the a subunit with high
sequence homology, HIF-1a and HIF-2a, have been identi-
fied.29 Germline deletion of either HIF subunit results in
embryonic lethality, although differences in the resulting
phenotypes suggest that important and unique roles exist
for both HIF-1a and HIF-2a.30–33

At the simplest level, HIF-dependent expression of glycolytic
genes could confer protection by enhancing the capacity for
ATP generation by anaerobic glycolysis. However, other
mechanisms could also contribute. For example, mice with
HIF-2a germline deletion that survive to birth exhibit multiple
organ dysfunctions associated with decreased expression
of antioxidant enzymes and evidence of excessive cellular
oxidant stress.34 This suggests that HIF-2might be important in
affecting cell survival during I/R through the regulation of
cellular antioxidant capacity. Similarly, HIF-dependent genes
such as Heme Oxygenase-1 (HO-1) may regulate cell survival
in I/R by affecting the response to oxidant stress.35Other genes
regulated by HIF include inducible nitric oxide synthase (iNOS)
and cyclooxygnease-2 (COX-2), both of which have been
associated with enhanced resistance to ischemia in mice.36,37

HIF-dependent genes such as vascular endothelial growth
factor (VEGF) are important for regulating local O2 supply, and
may also be important in I/R because they regulate collateral
vessel development.35,38–41 Hence, the specific mechanisms
by which HIF activation might be expected to affect cell survival
or death in I/R are not fully understood, but likely involve
multiple pathways that regulate antioxidant capacity, angiogen-
esis, cell death pathways, antiapoptotic pathways, and other
diverse functions. Moreover, the gene expression pattern in
response to HIF activation is cell type-specific. Hence, the
protection against I/R injury conferred by HIF activation in one
cell lineage may not be evident in other cell types.

HIF-1a Activation in Ischemic Myocardium

Coronary artery disease is a major clinical cause of lethal
cardiac ischemia.42 Several studies have looked at the

hypoxic response of the myocardium to acute or evolving
infarctions. Lee et al.43 found increased HIF-1a and VEGF
mRNA and protein in ventricular biopsy specimens from
patients undergoing coronary bypass surgery who had
pathological evidence of infarction or acute ischemia. In rats,
widespread induction of HIF-1a was observed after exposure
to systemic hypoxia, whereas localized expression after
coronary occlusion occurred primarily at the border of
infarcted tissue and persisted for 4 weeks. Upregulation of
HIF-dependent proteins such as HO-1 and Glut-1 were also
detected in the peri-infarct zone.38 Kido et al.39 employed a
transgenic model involving constitutive overexpression of
HIF-1a in the myocardium. These mice showed no improve-
ment at 24 h after coronary artery occlusion, but at 4 weeks,
they demonstrated an attenuated infarct size and improved
cardiac function. Immunohistochemical analysis showed
increased expression of HIF-1a and its downstream targets,
VEGF and iNOS, in the peri-infarct regions. In a related study,
Date et al.44 showed that exposing cultured rat cardiomyo-
cytes to 3 h of hypoxia followed by 14 h of normoxia resulted in
an increase in VEGF, Glut-1, Glut-4, and iNOS mRNA.
Infection with an adenovirus designed to overexpress HIF-1a
caused a similar increase in mRNA expression and a
reduction in I/R-induced cell death. These studies suggest
that HIF-dependent gene expression could potentially modify
cell survival in myocardial I/R (Figure 1).

HIF-1a Attenuates Ischemia–reperfusion Injury Through
Induction of iNOS

Hypoxia-inducible factor-1 may confer protection against I/R
injury by triggering the activation of specific protective genes.
iNOS is a known downstream target of HIF-1, and has been
shown to be cardioprotective in acute and chronic heart
disease.45–48 In one study, siRNA silencing of PHD expres-
sion in murine microvascular endothelial cells produced
a time- and dose-dependent increase in HIF-1a protein
stabilization and a corresponding increase in iNOS mRNA
message.49 Treatment of intact murine hearts with the siRNA

Figure 1 Schematic overview of the influence of HIF-1 on cell survival and cell
death pathways
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construct produced a decrease in infarct size and cardiac
dysfunction following global I/R. The improved functional
recovery was lost in iNOS�/�mice.49 In a similar study using a
Langendorf perfusion model, Xi et al.50 showed a reduction in
infarct size after selectively activating HIF-1a using cobalt
chloride (CoCl2). An increase in DNA-binding activity of
HIF-1a was noted within 1 h after CoCl2 injection. The
infarct-limiting effect of CoCl2 was absent in iNOS knockout
mice, again demonstrating the importance of iNOS in the
HIF cardioprotective pathway.

Role of HO-1 in Mediating the Protective Effect of HIF-1
Against Ischemia–Reperfusion Injury

Heme Oxygenase-1 expression is increased by HIF-1a
activation.41 HO-1 degrades heme and generates carbon
monoxide and bilirubin, both of which may have antioxidant
and/or anti-inflammatory effects. Hearts from transgenic mice
overexpressing cardiac-specific HO-1 show a significant
reduction in infarct size following I/R.51 Plasmid systems that
upregulate HO-1 expression during hypoxia are also cardio-
protective.52 Several studies investigating the protective
effects of HIF-1 have focused on the role of HO-1 in this
response. Zhu et al.53 studied protection against I/R in the
retina, and found that repeated exposure to hypoxia over 12
days led to sustained increases in HIF-1a and HO-1 protein
expression, which was associated with significant protection.
Pachori et al.54 used a plasmid with a promoter containing
the hypoxia-responsive element to induce overexpression of
HO-1 during ischemia in mice. Cardiac, hind-limb, or portal
vein injection of this construct caused a reduction in I/R injury
to the heart, hind limb, and liver, respectively. In another
study, rabbits were treated with dimethyloxalglycine (DMOG),
a PHD inhibitor, to stabilize HIF-1a during normoxia. These
animals demonstrated an increase in myocardial HO-1
expression along with a reduction in infarct size and improved
functional recovery after I/R.41 Interestingly, plasma IL-8 and
myocardial myeloperoxidase activity were also decreased.
In human microvascular endothelial cells (HMEC), TNF-a-
dependent IL-8 promoter activity and protein secretion
decreased with increasing concentrations of DMOG in a
dose-dependent manner. A decrease in TNF-a-induced
migration of polymorphonuclear cells across HMEC-1 mono-
layers was also noted.41 These findings suggest that HIF
activation attenuates ischemic injury through an anti-inflam-
matory effect, possibly due to HO-1 expression. This is
consistent with the data showing a downregulation of Kit
ligand and complement factor H, but inconsistent with the
studies showing HIF-dependent upregulation of inflammatory
mediators such as MHC I, complement, and interferon in
mouse embryonic fibroblasts and cardiac cells exposed to
hypoxia.55,56

Role of HIF in the Early and Late Phases of
Preconditioning Protection

When a coronary artery is permanently occluded, a core
region of necrosis develops because cells cannot survive
when deprived of oxygen and glucose for a prolonged period.
However, cells in the peri-infarct region have the potential for

rescue because they may still receive some support from
adjacent tissue regions via diffusion. During I/R injury, cells
are deprived of oxygen and glucose for a limited time,
although the peripheral tissue regions may still benefit from
nutrient diffusion from surrounding tissue. Reperfusion of the
ischemic region restores nutrient supply, but may trigger cell
damage by promoting the generation of reperfusion oxidant
stress. In either case, the onset of tissue ischemia in patients
is often rapid and unanticipated.
Ischemic preconditioning is a phenomenon whereby brief

periods of ischemia render the heart resistant to subsequent
periods of lethal I/R. Protection by IPC is initiated by a
‘triggering’ event that activates an ‘effector’ process that
confers protection.57–59 Protection against I/R-induced cell
death is evident during an ‘immediate/early window’, and
again after 24 h during the ‘late window’ of protection.60,61 The
mechanism triggering these events is not fully understood,
but ROS from mitochondria have been implicated, along with
the opening of a mitochondrial ATP-dependent potassium
channel (mito KATP).

61,62 Some studies suggest that
increases in ROS signaling lead to opening of the KATP

channel,59 while others suggest that KATP opening leads to an
increase in ROS production, which thenmediates subsequent
protection.63 Hypoxia itself leads to an increase in mitochon-
drial ROS production64 and subsequent HIF-1a activa-
tion;65,66 so it is conceivable that ROS signaling during the
triggering phase leads to HIF-dependent gene expression that
results in protection.
In the context of ischemia or I/R, one might predict that

HIF-1a activation could confer protection through its effects on
downstream targets in affecting vascular tone, angiogenesis,
and glycolytic metabolism. Indeed, several HIF-dependent
genes have been implicated in the late phase of precondition-
ing, including iNOS,37 cyclooxygenase-2,36,67 and HO-168,69

(Figure 2). However, a direct test of the hypothesis that HIF
activation is the common factor linking the expression of these
protective genes has not been reported.
Given that HIF acts exclusively as a transcription factor, and

that late preconditioning protection requires gene transcrip-
tion and translation of new proteins, one might predict that
HIF-mediated protection would require time between the
triggering stimulus and the lethal stress to effect protection. In

Figure 2 Role of HIF-dependent gene expression on regulation of processes
affecting cell death in I/R, possibly through the regulation of inducible nitric oxide
synthase (iNOS), heme oyxgenase-1 (HO-1), cyclooxygenase-2 (COX-2), and
antioxidant enzymes
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this regard, HIF could be viewed as an anticipatory response
whose activation would need to precede the lethal ischemic
stimulus. Therefore, it would seem unlikely that HIF could be
involved in the immediate/early phase of IPC. However,
recent evidence indicates that HIF status may affect
immediate/early preconditioning as well. Cai et al.70 subjected
wild-type mice, or mice heterozygous with respect to HIF-1a
(HIF-1aþ /�) to brief periods of ischemia, followed by 30min of
continuous ischemia. Preconditioning improved infarct size
and function after I/R in wild-type animals, but not in HIF-1aþ /�

hearts. These studies strongly implicate HIF-1a in the
immediate protection conferred by IPC. However, this
response does not necessarily mean that immediate protec-
tion is conferred by the acute activation of HIF-dependent
genes. Rather, it is possible that a decreased constitutive
expression of a set of HIF-regulated genes in the HIF-1aþ /�

hearts might have undermined their ability to activate or
transmit the signals necessary for triggering protection in
response to an acute preconditioning stimulus (Figure 3). For
example, Cai et al. noted that mitochondrial oxidant signals
were inhibited in the heterozygous animals, which could have
undermined their ability to trigger preconditioning in response
to brief ischemia. Consistent with this interpretation, they
found that the hearts responded to preconditioning by
adenosine, which triggers protection through a pathway that
does not require mitochondrial ROS signaling.59

Summary

Ischemia, I/R, and chronic hypoxia are all capable of engaging
cellular death pathways leading to tissue injury and organ
dysfunction. HIF is the principal regulator of cellular transcrip-
tional responses to hypoxia. During hypoxia, HIF triggers the
expression of genes involved in oxygen transport, oxygen
utilization, glycolytic metabolism, cell death, cell survival, and
other processes that can affect cell survival in ischemia. Prior
activation of HIF can confer protection against these insults at
the cellular, tissue, and organ level. However, low levels of

HIF remain active even under normoxic conditions, allowing
HIF to contribute to the regulation of genes that define the
proteomic state of the cell. In this regard, basal HIF activity
can affect cellular resistance to acute stresses that do not
permit sufficient time to mount a de novo transcription–
translation response. There is still much to learn about the role
of HIF in mediating the cellular and tissue responses to I/R,
and an ability tomanipulate HIF activity may potentially impact
our treatment of ischemic tissue injury.
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