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While the other Perspectives in this series provide read-
ers with state-of-the-art overviews of responses to
ischemia on an organ-by-organ basis, I focus here on a
single transcription factor, hypoxia-inducible factor 1
(HIF-1), and its role in the physiologic responses to
hypoxia and ischemia. Whether in the brain, heart, kid-
neys, lungs, or muscle, HIF-1 is essential for ischemia-
induced angiogenesis, as described by Isner (this Per-
spective series, ref. 1), and it may also be a critical
mediator of late-phase preconditioning, as described by
Williams and Benjamin (this Perspective series, ref. 2).
For these reasons, HIF-1 and the genes under its control
may represent novel therapeutic targets for ameliorat-
ing the effects of ischemia in a variety of clinical settings.

Molecular biology of HIF-1

HIF-1 is a heterodimeric transcription factor consist-
ing of HIF-1a and HIF-1f subunits. The amino-ter-
minal half of each subunit contains basic helix-loop-
helix (PHLH) and PAS motifs that are required for
dimerization and DNA binding. Other domains in the
carboxyl-terminal half of HIF-10 mediate hypoxia-
inducible nuclear localization, protein stabilization,
and transactivation (reviewed in ref. 3). Thus, whereas
HIF-1{ (also known as the aryl hydrocarbon receptor
nuclear translocator) can heterodimerize with other
proteins that contain a bHLH-PAS domain, HIF-1d is
the specific and oxygen-regulated subunit of HIF-1.
Increased HIF-1 activity leads to transcription of genes
that are expressed in most cell types, such as those
encoding glucose transporters, glycolytic enzymes, and
VEGF, as well as genes that are expressed in a cell
type-specific manner, such as erythropoietin, in-
ducible nitric oxide synthase (NOS2), and insulin-like
growth factor 2 (IGF-2). Although other transcription
factors, such as AP-1, EGR-1, NF-kB, and NF-IL-6
mediate the hypoxia-inducible expression of specific
genes in specific cell types (reviewed in ref. 4), HIF-1
appears to be unique with respect to its function as a
global regulator of oxygen homeostasis. HIF-1-regu-
lated genes contain a hypoxia response element (HRE),
a cis-acting transcriptional-regulatory element that
includes one or more binding sites for HIF-1. In the

case of the human VEGF gene, an HRE located 1 kb 5'
to the start site mediates hypoxia- and HIF-1-depend-
ent transcription (5). The crucial role of this interac-
tion has been demonstrated in HIF-10-null mouse
embryonic stem (ES) cells, where basal VEGF mRNA
expression is reduced and does not increase in
response to hypoxia (6-8). HIF-1d is required for nor-
mal vascularization, development, and survival of
mouse embryos as well as for physiologic responses to
chronic hypoxia in adult mice (6-10).

The variable angiogenic responses

of ischemic tissues

Ischemia and infarction occur when tissue perfusion is
insufficient to meet metabolic demands. In animal
models of coronary artery occlusion, myocardial
ischemia induces VEGF expression and collateral blood
vessel development (11, 12). In humans, many patients
with coronary artery stenosis fail to develop collateral
vessels. Because there is an inverse correlation between
infarct size and collateral blood flow (13, 14), such indi-
vidual variation in adaptive responses to ischemia may
determine the risk and severity of myocardial infarc-
tion. I will describe the angiogenic response potential
as manifested in an animal model, discuss molecular
mechanisms underlying the limited angiogenic
response in humans, and consider strategies to cir-
cumvent these limitations.

To study the effects of hypoxia in the developing heart
in vivo, near-term fetal sheep were subjected to a daily par-
tial exchange transfusion in which blood was replaced
with saline (15). Under these conditions, the hematocrit
and arterial oxygen content are gradually reduced to one-
third of normal levels within one week. Concomitantly,
cardiac output increases by 50% and the heart/body
weight ratio increases by 30%. To maintain myocardial
oxygenation under these circumstances, myocardial
blood flow increases fivefold. Capillary density and min-
imal capillary diameter are significantly increased and
intercapillary distance is decreased in the hearts of ane-
mic compared with control fetuses (15). Underlying these
differences are three- to fourfold increases in the expres-
sion of VEGF protein and mRNA, as well as HIF-1a pro-
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tein. In these anemic sheep fetuses, increased cardiac out-
put provides systemic compensation for decreased oxy-
gen-carrying capacity. The increased cardiac work and
mass increase myocardial oxygen consumption, thus pro-
viding a hypoxic stimulus for increased HIF-10 expres-
sion and HIF-1-mediated VEGF gene transcription. Tem-
poro-spatial correlations between HIF-1a protein and
VEGF mRNA expression have also been demonstrated in
the context of developmental and ischemic vasculariza-
tion of the mouse retina (16).

Why does this response pathway fail to provide suf-
ficient neovascularization in patients with coronary
artery disease to prevent ischemia? One major differ-
ence is that the fetal sheep heart is a growing organ
that is actively engaged in angiogenesis. Although this
suggests differences in angiogenic responses as a func-
tion of developmental stage, aging in general may be
an important factor. The absence of collateralization
in some patients with symptomatic coronary artery
disease may reflect impaired ability to produce VEGF.
Ischemia-induced VEGF expression is likely to be
influenced by a combination of genetic and environ-
mental factors. Recent studies described below suggest
that both aging and individual variability in respons-
es to ischemia may influence the outcome of athero-
sclerotic vascular disease.

Collateral vessel development following femoral
artery ligation is significantly reduced in older mice
and rabbits (17). The impairment in vascularization is
multifactorial, as older animals exhibit impaired VEGF
production, vascular endothelial cell dysfunction, and
reduced lymphocytic infiltration of ischemic tissues.
Aortic smooth muscle cells from old rabbits manifest
impaired hypoxia-induced VEGF expression due to a
reduction in HIF-1 DNA-binding activity (18). HIF-1
DNA-binding activity is also reduced in brain, kidney,
liver, and lung tissue from old versus young mice sub-
jected to hypoxia (19).

These results do not address why individuals of simi-
lar age and degree of coronary occlusion vary in the
extent of collateralization. Peripheral blood mononu-
clear cells isolated from patients with no angiographic
evidence of coronary collateralization manifest signifi-
cantly reduced induction of VEGF mRNA in response
to hypoxia compared with cells from individuals with
collateral development (20). This difference is main-
tained after analysis of multiple covariates. Thus, genet-
ic or environmental factors or both may determine the
physiological response to ischemia in each individual.
VEGEF production may be modulated via changes in the
expression or activity of HIF-1. If so, it may be possible
to identify individuals with suboptimal ischemia-
induced VEGF expression; such individuals in particu-
lar may be candidates for therapeutic angiogenesis.

Clinical trials involving VEGF protein administration
or VEGF gene therapy are underway (reviewed in ref.
21). It is unclear whether VEGF alone is sufficient to
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induce development of normally-functioning collater-
al vessels that will correct perfusion defects in ischemic
myocardium. Whereas transgenic mice overexpressing
VEGF exhibit excessive vascular permeability, mice
overexpressing both VEGF and angiopoietin-1 mani-
fest normal vascular permeability (22). HIF-10 gene
therapy may have the advantage of inducing the expres-
sion not only of VEGF, but also of other hypoxia-
induced angiogenic or survival factors (such as
angiopoietin-2 and IGF-2) and their receptors on
endothelial cells (such as FLT-1). In a recent study, HIF-
1a gene therapy was as effective as VEGF in stimulat-
ing therapeutic angiogenesis in a rabbit hindlimb
ischemia model (23). Furthermore, transgenic mice
expressing HIF-1a in the skin demonstrated increased
vascular density, as in the case of VEGF transgenic
mice, but whereas VEGF transgenic mice demonstrate
increased capillary leakage in response to an inflam-
matory stimulus, in HIF-10 transgenic mice there was
actually decreased capillary leakage compared with
nontransgenic littermates (J. Arbeit, personal commu-
nication). Whether this property is due to HIF-1-medi-
ated expression of angiopoietin-2, which is known to
be induced by hypoxia (24), remains to be established.

Cerebral ischemia

Following permanent middle cerebral artery occlusion
in rats, there is a temporal and spatial co-induction of
HIF-100 mRNA with mRNAs encoding glucose trans-
porter 1, the glycolytic enzymes aldolase A, lactate
dehydrogenase A, phosphofructokinase L, and pyru-
vate kinase M, and VEGF (25, 26), all of which are
encoded by HIF-1 target genes (7, 8). Expression of
these mRNAs is localized to the penumbra (viable tis-
sue surrounding the infarction), suggesting that HIF-
1-mediated induction of angiogenesis and glycolytic
metabolism may be important for the survival of these
cells (25, 26). In contrast, when a truncated form of
HIF-1a that has dominant-negative effects (5) is
expressed in cultured neuronal cells, delayed cell death
in response to oxygen and glucose deprivation is
reduced (27). The protective effect of dominant-nega-
tive HIF-10 expression is not observed in p53-null
neurons, consistent with observations of HIF-
la-induced p53-mediated death of ES cells subjected
to oxygen and glucose deprivation (6). Severity of
hypoxia, induction of p53, and apoptosis are correlat-
ed in cultured neurons (28). NOS2, the product of
another known HIF-1 target gene (29), also has a
proapoptotic role during cerebral ischemia (30, 31). In
rats subjected to hypoxia and unilateral permanent
middle cerebral artery occlusion, HIF-1a expression is
increased throughout the contralateral cortex where-
as, on the ipsilateral side, parenchymal expression is
decreased and there is a striking increase in HIF-1a
expression in medium-sized cortical feeder vessels (32).
Further studies are necessary to establish the conse-
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quences of HIF-1 expression in ischemic glial, neu-
ronal, inflammatory, and vascular cells in vivo and the
role of HIF-1 in promoting or preventing cerebral
infarction following arterial occlusion.

Late-phase preconditioning

Exposure of 1-week-old rats to hypoxia (8% O;) for 3
hours protects against cerebral infarction in animals
subjected to combined hypoxia and ischemia (left com-
mon carotid artery ligation) 24 hours later (33). The
hypoxic preconditioning is associated with increased
HIF-1a expression throughout the brain (32). Expres-
sion of HIF-1a mRNA and protein is also induced in
the brains of neonatal rats following intraperitoneal
injection of cobalt chloride or desferrioxamine, and,
like hypoxia, prior cobalt or desferrioxamine adminis-
tration provides protection against cerebral infarction
following hypoxia and ischemia. Furthermore, the rank
order of potency (hypoxia > cobalt > desferrioxamine)
is similar for induction of HIF-1a expression and for
cerebral protection (32).

HIF-1a expression is also likely to be involved in car-
diac preconditioning, since NOS2 expression is essen-
tial for late-phase (delayed) cardiac preconditioning
(34), and an intact HIF-1 DNA-binding site in the
NOS2 promoter is required for its transcriptional
induction in hypoxic myocardial cells (29). Nitric oxide
(NO) appears to play a dual role by acting as both a
trigger and a mediator of delayed preconditioning
(35). NO donors induce HIF-1a expression and HIF-1
activity in cultured cells under nonhypoxic conditions
(36). Thus, an initial NO signal may act as a trigger to
induce HIF-1 activity, leading to subsequent expres-
sion of NOS2 and more production of NO, which
then mediates protective effects.

Conclusions

Recent studies have demonstrated the essential role of
HIF-1 in hypoxia-induced, VEGF-mediated angiogen-
esis and suggest that HIF-1 mediates hypoxia-induced
preconditioning in the brain, heart, and other organs.
HIF-1 may also contribute both to the survival of
hypoxic-ischemic cells and, paradoxically, to the death
of cells that are unable to adapt to hypoxia or
ischemia. In addition to promoting p53-mediated
apoptosis as described above, HIF-1 has recently been
shown to transactivate the proapoptotic NIP3 gene
under hypoxic conditions (37).

In tissue culture, HIF-1 activity is induced by hypoxia
to a relatively similar degree in most cells. Nevertheless,
individual cell types display markedly different optimal
oxygen concentrations for growth and varying resist-
ance to hypoxia-induced apoptosis. Hence, it appears
that other cell type-specific factors (which may include
related factors, such as HIF-2a and HIF-30, and unre-
lated factors, such as AP-1, EGR-1, and NF-KB) are
required to interpret the hypoxic signal that is trans-
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mitted to the nucleus by HIF-1. Thus, even when one
focuses on the role of a single transcription factor in
surviving ischemia, one cannot help but be struck by the
complexity of biochemical and physiological interac-
tions. At present, these interactions are poorly under-
stood. Yet, as seen throughout this Perspective series,
rapid and dramatic progress has been made in under-
standing tissue responses to ischemia, an accomplish-
ment that justifies optimism regarding the application
of this basic research to clinical practice.
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