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Abstract

Ischemic stroke is a major cause of death worldwide, and current therapeutic options are very limited. Pre-
conditioning with an ischemic or hypoxic insult is beneficial in experimental models of ischemic stroke.
Ischemia=hypoxia results in activation of numerous transcription factors, including hypoxia inducible factor
(HIF), which is a master regulator of oxygen homeostasis. HIF activation induces a diverse range of target genes,
encompassing a wide variety of cellular processes; including angiogenesis, energy metabolism, cell survival,
radical production=scavenging, iron metabolism, stem cell homing, and differentiation. Inhibition of HIF prolyl
hydroxylase domain (PHD) enzymes results in activation of HIF and is likely to mimic, at least in part, the
effects of hypoxia preconditioning. A caveat is that not all consequences of HIF activation will be beneficial and
some could even be deleterious. Nevertheless, PHD inhibitors may be therapeutically useful in the treatment
of stroke. Prototype PHD inhibitors have shown promising results in preclinical models. Antioxid. Redox Signal.
12, 459–480.

Introduction

Stroke is a major cause of death worldwide and the
third leading cause of death in the United States (133).

Strokes are caused by interruption of the cerebral blood
supply. Approximately 80% of cerebral strokes are ischemic
strokes, which occur when the arterial blood supply to part
of the brain is interrupted by a thrombus, embolus, or other
blockage. The remaining 20% of strokes are caused by rup-
ture of an artery within the brain and are classified as
hemorrhagic strokes (56). Cerebral strokes result in cell
death of neurons, glia, and other cell types, often including
the vascular cells. For patients surviving stroke, the long-
term outcome may involve permanent physical and mental
disabilities and a compromised quality of life. Diabetes,
smoking, and hypertension have been identified as impor-
tant risk factors for stroke (73). Current treatment options
remain limited and rehabilitation is costly and often only
partially effective.

Cerebral ischemia results in reduced delivery of oxygen,
glucose, and nutrients to the brain that are critical for cell
survival. Since the brain consumes a large quantity of oxy-
gen, it is particularly susceptible to oxygen shortages. In the
context of acute stroke, two complementary approaches are
to re-establish perfusion while cells are still viable, and to
protect compromised cells and circuits from irreversible
damage.

Preconditioning in experimental rodent models, using a
short, sublethal ischemic exposure has been shown to be
protective against a subsequent more severe insult in a
number of organs, including the brain, heart, and kidney
(69, 71, 110, 125, 138, 273). There has been considerable
interest in understanding the mechanisms underlying pre-
conditioning in the hope that this will lead to pharmaco-
logical routes to promoting cellular survival. Hypoxemia is
also an effective preconditioning stimulus, which is likely to
be less complex in terms of the pathways that it activates
(70, 167, 198). Many cellular responses to hypoxia are me-
diated through a transcription control complex termed
hypoxia-inducible factor (HIF). HIF activation results in
broad changes in gene expression that can be regarded as
adapting the cell, tissue, and organism to conditions of re-
duced oxygen. Taken together, these observations have
suggested that HIF might be involved in mediating the
beneficial effects of preconditioning, and that pharmaco-
logical activation of HIF may be beneficial in stroke and
other ischemic conditions.

Prolyl hydroxylase domain enzymes (PHD enzymes; also
known as HIF prolyl hydroxylases, HPH and Egg-laying
deficient nine, EGLN) act as oxygen sensors controlling the
HIF degradation pathway (51). Inhibition of PHD enzymes
results in upregulation of HIF and subsequently HIF target
genes that may contribute to cell survival in the nervous
system. Animal studies have suggested that PHD inhibitors
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may be useful in protecting the brain in ischemia (18, 195).
This review will focus on the molecular mechanisms through
which ischemia causes neuronal cell death, how PHD inhib-
itors may promote tolerance to ischemic insults, and will also
address potential effects of PHD inhibitors on permeability of
the blood-brain barrier (BBB).

Molecular Mechanims of Cell Death
in Cerebral Ischemia

Acute cerebral ischemia results in a severely damaged is-
chemic core, termed the infarct zone, surrounded by a rim or
penumbra of viable cells, which are functionally impaired but
not morphologically damaged (116). Penumbral cells can
potentially be salvaged if cerebral blood flow is restored
rapidly, although reperfusion itself is associated with a
number of changes including free radical production and in-
flammation that may result in further damage (11). Since en-
ergy is essential for cell survival, penumbral cells are at risk of
death if ischemia is prolonged. Imaging studies analysing the
progression of acute stroke show that during the initial hours
the size of the ischemic core increases into the penumbra, until
the penumbra disappears (91). Since infarct volume is corre-
lated with long-term stroke outcome, therapeutic strategies
improving viability of penumbral cells are desirable (209).
Understanding the mechanisms underlying cell damage and
death following stroke is likely to be important in designing
treatments which promote cell survival.

The excitotoxic cascade

During normal neuronal signalling electrical signals,
known as action potentials, pass along the axons of neurons.
Chemical signaling or neurotransmission allows intercellular
communication to occur between neurons at synapses. The
presence of an action potential in the axon terminal causes
voltage-sensitive calcium channels in the neuronal membrane
to open. The resulting calcium influx into the neuron triggers
the release of neurotransmitters, such as glutamate, from
storage vesicles into the synaptic cleft. These neurotransmitters
then bind to receptors, such as NMDA (N-methyl-D-aspartate)
or AMPA (2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl) pro-
prionate) located on ion channels in the postsynaptic neuron,
resulting in uptake of sodium and calcium ions. Neuro-
transmitter is removed from the synaptic cleft via re-uptake
transporters on the presynaptic neuron to prevent hyper-
activation (Fig. 1) (77).

During hypoxia and=or hypoglycaemia, energy shortages
affect the ability of neurons to maintain their membrane po-
tential, leading to inappropriate depolarization of neurons
and excessive release of glutamate into the synaptic cleft (114).
In addition, reuptake of excess neurotransmitter from the
synaptic cleft is energy dependent and is known to be im-
paired during hypoxia. Excitatory neurotransmitter overload
results in hyperactivation of postsynaptic neurons and can
ultimately lead to postsynaptic cell death (203). This pathway
is referred to as the excitotoxic cascade. Elevated intracellular
calcium induces a number of pathological signalling cascades
which can contribute to neuronal cell death. These pathways
involve proteases, (e.g., calpain), phospholipases (e.g., phos-
pholipase A2), calcium binding proteins (e.g., calmodulin),
and endonucleases (Fig. 1) (236).

Reactive oxygen and nitrogen species
(free radical damage)

Free radicals are highly reactive species that can react in-
discriminately with cellular components to cause damage.
Studies of mice deficient in radical scavenging enzymes have
shown worse outcome in acute ischemic stroke models (127,
175). Reactive oxygen and nitrogen species (ROS=RNS) are
generated during both ischemia and on reperfusion if this is
achieved. Restoration of blood flow to the ischemic area
provides oxygen that can act as a substrate in several radical
generating enzymatic reactions. Sources of free radicals dur-
ing ischemia=reperfusion include leakage from the mito-
chondrial electron transport chain, xanthine oxidase, nitric
oxide synthase (NOS), and arachidonic acid metabolism (21,
188). Ischemia is also associated with decreased intracellular
pH, which can lead to increases in transition metals avail-
able for participation in radical-generating Fenton reactions
(223). Cerebral lipids are enriched in polyunsaturated fatty
acids and as such are particularly vulnerable to free radical-
mediated lipid peroxidation and membrane damage. In ad-
dition to being a source of free radicals, mitochondria are also

FIG. 1. The excitotoxic cascade. During hypoxia, neurons
are unable to maintain their action potential. This leads to
uncontrolled calcium signaling that can ultimately be toxic.
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targeted by ROS, forming a deleterious feed forward loop.
Radicals react with the inner mitochondrial membrane and
electron transport chain proteins, resulting in further disrup-
tion of mitochondrial respiration and exacerbating the cellular
energy crisis (21). DNA can also act as a substrate for free
radical attack, causing strand breaks and DNA base deami-
nation, which in turn can trigger caspase-dependent apopto-
sis (50). Cellular free radical injury can culminate in both
apoptotic and necrotic cell death.

Inflammation

Microglia, the resident macrophages of the central nervous
system (CNS), are key players in the immune response of the
brain. Cerebral ischemia leads to rapid activation of microglia,
which proliferate and migrate to the area of injury (130).
Under normal conditions the brain is considered an immune
privileged site, with the BBB preventing entry of immune cells
from the systemic circulation. During ischemia, activated
microglia release matrix metalloproteinases, cathepsins,
plasminogen activators, and free radicals, which all contribute
to BBB breakdown (206). Proinflammatory cytokines [inter-
leukin 1, interleukin 5, tumor necrosis factor a (TNF-a)] are
also released from activated microglia and stimulate an influx
of leukocytes across the BBB into the brain (99). Reperfusion
also contributes to the inflammatory response transporting
inflammatory cells to the damaged area (206). The role of
inflammation in stroke remains controversial, nonetheless
considerable evidence now suggests its involvement in a
second wave of injury. Infiltrating cells release more cytotoxic
substances and proinflammatory cytokines that further
damage the BBB. Moreover adhesion of leukocytes to endo-
thelial cells can cause microvascular occlusion, resulting in
additional ischemic stress (99). Some animal studies have re-
ported that limiting reperfusion following stroke is beneficial
in comparison to complete restoration of blood flow (275).
This is attributed to limiting the inflammatory response and
free radical generation which is associated with reperfusion.

Delayed neuronal death

Several reports have demonstrated that CA1 hippocampal
neurons are particularly vulnerable to cell death following
ischemia (65, 123, 191, 210). In a phenomenon termed delayed
neuronal death, cells that appear morphologically normal
during the initial 2 day period following an ischemic insult in
gerbils begin to show clumping of the nuclear chromatin and
accumulation of nonmembrane dense structures during the
following 2 days, culminating in cell death (122). Delayed
neuronal death has also been observed in rat and mouse
models of ischemia (43, 49, 197). The mechanisms underlying
delayed neuronal death remain uncertain. The excitotoxic
cascade may contribute, however the suppression of calcium
or glutamate or the use of NMDA blockers is only partially
effective at preventing cell death (49). The presence of apo-
ptotic bodies and activation of caspase 3 is consistent with cell
death via an apoptotic pathway, rather than necrosis (148,
178). Furthermore, caspase inhibitors were beneficial in re-
ducing delayed neuronal death in mice (49). Loss of trophic
support from surrounding cells may also adversely affect
neurons which are projecting into the damaged area. Treat-
ment of primary rat hippocampal and cortical cells with
serum has been demonstrated to abrogate an in vitro model

of delayed neuronal death and trophic cytokines are also
beneficial in limiting delayed neuronal death in vivo (100, 134,
217, 250)

Current Treatment Options/Strategies
Under Investigation for Cerebral Ischemia

Literally hundreds of experimental treatments that target
many different aspects of stroke pathology have been inves-
tigated in the quest to improve patient outcome following
stroke (72). Unfortunately, despite these efforts, the impact on
patient outcomes has been very limited. A selection of these is
highlighted here, along with a brief discussion of their mo-
lecular basis.

Drugs to restore or improve blood flow

The development of therapeutics that enhance cerebral
blood flow has been pursued as a treatment for stroke, since
timely restoration of blood flow to the affected area may be
able to rescue cells in the penumbra before they undergo ir-
reversible cellular damage. Currently tissue plasminogen ac-
tivator (t-PA) is the only treatment approved for use in
ischemic stroke by the United States Food and Drug admin-
istration (FDA). t-PA is a thrombolytic agent and functions to
disrupt clots that may be occluding the blood supply.

Clinical trials testing the benefit of anticoagulants, such as
heparin and warfarin, and antiplatelet agents, such as aspirin
have also been performed. Antiplatelet agents, including
aspirin, are known to be efficacious in a preventative context
(1). Administration of aspirin following an acute ischemic
stroke was also shown to have a small but significant effect
on mortality at 6 months in the International Stroke Trial (IST)
of 20,000 patients. In contrast, high dose heparin had no
beneficial effect (2).

Drugs designed to restore or improve blood flow need to
be administered early to be effective in limiting damage (e.g.,
t-PA, within 3 h of stroke onset). It should also be noted that
drugs that improve cerebral blood flow can also be associated
with an increased risk of intracerebral bleeding. The adverse
risk of hemorrhage increases as time to treatment increases.
The narrow therapeutic window in terms of time from onset
means that many patients suffering from ischemic stroke are
not suitable for treatment with t-PA or other reperfusion
agents. Moreover reperfusion therapies, including t-PA, are
inappropriate for treatment of hemorrhagic stroke (76).

Neuroprotective agents

Several stroke treatment strategies have been investigated
which target components of the excitotoxic cascade in an at-
tempt to attenuate neuronal cell death.

Calcium channel blockers. Randomized, double-blind,
placebo-controlled trials of calcium channel blockers, such as
nimodipine (454 patients; Very Early Nimodipine Use in
Stroke; VENUS) and flunarizine (subgroup of 60 patients;
flunarizine in stroke treatment; FIST) showed no improve-
ment in outcome of acute stroke at 3 months when adminis-
tered <6 h after onset (57, 97). DP-b99, a calcium chelator, has
been tested in phase II clinical trials of 150 patients, which
showed an increased recovery rate, but no significant benefit
in terms of outcome at 3 months (40).
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Glutamate receptor antagonists. Trials of several gluta-
mate receptor antagonists, such as CGS19755, GV150526, and
aptiganel have shown no significant therapeutic benefit in
humans, with many trials being terminated early (3). Adverse
side effects, such as hallucinations, delirium, agitation, or
cardiovascular effects, have also been reported for some glu-
tamate receptor antagonists used for stroke and head trauma.
A promising pilot study in 20 patients tested the safety of
rapid administration of magnesium sulphate, which among
other actions blocks voltage-gated calcium channels and
NMDA receptors. This was well tolerated and showed im-
proved outcome in 20% of patients (Field Administration of
Stroke Therapy-Magnesium pilot study; FAST-Mag) (207). A
larger trial to test efficacy is currently ongoing.

Free radical scavengers. Experimental therapies which
detoxify or inhibit the formation of free radicals following
cerebral ischemia are aimed at limiting the damage that these
highly reactive species cause to cellular components such as
DNA, protein, and lipids. Enhanced expression of free radical
scavengers has been shown to be protective in animal models
of acute ischemic stroke (247, 262). In human stroke trials,
mixed results have been obtained with the lipid peroxidation
inhibitor tirilizad mesylate (also known as Freedox). A US
clinical trial (Randomized Trial of Tirilazad Mesylate in Acute
stroke II; RANTTASII), involving 126 patients, showed a
trend towards reduced mortality and improved indepen-
dence (83). This trial was terminated early however, following
concerns of increased mortality reported in a parallel Euro-
pean trial (Tirilazad Efficacy Stroke Study II; TESS II) (4).
Harmokisane (ebselen), a seleno-organic compound with
antioxidant activity, was used for treatment of acute ische-
mic stroke in a trial involving 300 patients. It reported im-
proved outcome in patients treated<24 h after onset of stroke
at both 1 and 3 months. No serious side effects were reported
(261).

Summary

Current treatment options for ischemic stroke remain ex-
tremely limited and to date the results of most clinical trials
have been disappointing. Stroke is heterogeneous and a
stratified approach may reveal efficacy of tested treatments
for some subtypes of stroke. However, the narrow therapeutic
window limits the opportunity for detailed stroke diagnosis.
There is considerable interest in trying to protect the ische-
mic penumbra, and the neuroprotective effects of ischemic=
hypoxic preconditioning may offer clues as to how this could
be achieved and the opportunity to develop novel therapeutic
agents for stroke.

Preconditioning in the Brain

Preconditioning involves exposure to a stressful but sub-
lethal stimulus that induces cytoprotective pathways that
better equip the cell, tissue, and organism to deal with sub-
sequent cellular stresses. The intensity, duration, and fre-
quency of potentially stressful stimuli are important factors in
determining whether a cellular stress is able to induce a state
of tolerance or if it will be harmful. In the context of cerebral
ischemia, several methods of preconditioning have been in-
vestigated, including hyperthermia, heat shock, oxidative
stress, hypoxia, and ischemia itself (69).

Ischemic preconditioning

Ischemia refers to reduced blood supply to an organ. Is-
chemic preconditioning is neuroprotective in animal models
of acute ischemic stroke (71, 125, 273). In humans, several
reports have now shown that the occurrence of a transient
ischemic attack, which is a brief period of cerebral ischemia,
can induce a state of tolerance and protect the brain from the
detrimental effects of a subsequent ischemic stroke (58, 180,
208, 246). Aspects of ischemic preconditioning rather than
ischemia itself can also elicit ischemia tolerance. Examples
include glutamate release, ROS, inflammatory cytokines,
caspases, and hypoxia (147, 166, 182, 183).

Hypoxic preconditioning

Hypoxia, or low oxygen, is one consequence of ischemia
and activates a subset of the pathways activated during is-
chemia. Gidday et al. first reported in 1994 that rat pups ex-
posed to 3 h of hypoxia (8% oxygen) were protected against a
hypoxia=ischemic insult 24 h later (carotid occlusion) (70).
Similar studies have demonstrated the favorable effects of
hypoxic preconditioning in adult rodents (167).

Understanding the mechanisms involved in ischemic=
hypoxic preconditioning may provide new drugable targets
for the treatment of stroke. Indeed several groups have fo-
cused their attention on uncovering these pathways. Both
hypoxic and ischemic preconditioning appear to require
synthesis of new RNA and protein, since hypoxia-induced
tolerance is blocked by inhibitors of RNA and protein syn-
thesis (62). A number of transcription factors have been
identified which are upregulated in the brain following hyp-
oxia, including metal transcription factor 1 (MTF-1), early
growth response protein 1 (Egr-1), v-ets erythroblastosis virus
E26 oncogene homolog 1 (avian) (ETS1), nuclear factor kappa
B (NF-kB), activator protein 1 (AP1), and HIF (20, 118). Acti-
vation of some of these genes has been associated with es-
tablishing tolerance; HIF is perhaps the most well known and
extensively studied hypoxia inducible transcription factor,
and considerable evidence suggests a potential role in neuro-
protection (see below). Other transcription factors may also
contribute; for example, MTF-1 induces metallothionein1,
which has been shown to be protective in animal models of
cerebral ischemia (240). NF-kB has also been shown to be
important in establishing tolerance to ischemia in both the
brain (22) and heart (103, 164). NF-kB has been implicated in
several neuroprotective pathways. Barger et al. showed that
NF-kB attenuates glutamate induced excitotoxic cell death by
suppressing increases in intracellular calcium levels (15). In
addition, the NF-kB target gene manganese superoxide dis-
mutase offers protection against free radical injury by sup-
pressing peroxynitrite formation and membrane lipid
peroxidation (163). NF-kB has also been shown to induce
expression of brain-derived neurotrophic factor and the anti-
apoptotic proteins Bcl-2 and Bcl-x (231). However, it remains
unclear whether the predominant consequence of activating
NF-kB is beneficial, since it is also known to be involved in the
inflammatory response following ischemia.

HIF in the CNS

Hypoxia-inducible factors (HIFs) act as key mediators of
adaptive responses to low oxygen (25, 243). HIF is a hetero-
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dimeric transcription factor composed of an oxygen-regulated
a subunit and a constitutively expressed b subunit. When
oxygen is present, a ubuiquitin E3 ligase complex containing
the von Hippel–Lindau protein (VHL) binds to HIF-a, tar-
geting it for proteasomal degradation. However, during
hypoxia this interaction is prevented, allowing HIF-a to ac-
cumulate in the cell. Besides regulation by low oxygen, other
signaling pathways modulate HIF activation. Several studies
provide evidence for a role of mitochondrial ROS in cellular
oxygen sensing. Thus it has been reported that hypoxia in-
creases the production of ROS by the mitochondria, and that
this is necessary and sufficient to stabilize HIF, in at least some
cell types (27, 29, 30, 81, 156).

Three isoforms of the HIF-a subunit are known, HIF-1a,
HIF-2a, and HIF-3a. Of the HIF-a subunits, HIF-1a and HIF-2a
are the best characterized and both are able to bind and
transactivate hypoxia response elements (HREs) and promote
gene transcription (48, 234). Immunohistochemical analysis of
mice exposed to global hypoxia showed expression of HIF-1a
in neuronal cells of the cerebral cortex and granular layer of
the dentate gyrus and the hippocampus proper, as well as
Purkinje cells in the cerebellum (226). In a similar experiment,
rats exposed to 8% oxygen were analyzed for HIF-2a ex-
pression. The endothelial cells of the cortex, hippocampus,
and cerebellum, and glial cells including astrocytes showed
expression of HIF-2a, however no expression was detected in
neuronal cells (253). The third a-isoform, HIF-3a, was identi-
fied more recently and its role is yet to be fully characterized
(78). One splice variant of HIF-3a, inhibitory PAS domain
protein (IPAS), lacks the C-terminal transcriptional activa-
tion domain and therefore is able to function as a dominant
negative inhibitor of HRE dependent transcription. IPAS is
expressed only in selected tissues (Purkinje cells of the cere-
bellum and in the corneal epithelium of the eye) and may
function in a negative feedback loop to repress the function of
HIF during hypoxia (154).

HIF Target Genes That Could Contribute
to Neuroprotection

A number of HIF target genes have been identified that are
induced in hypoxia in the CNS and may contribute to neu-
roprotection. Indeed the efficacy of several HIF targets, such
as erythropoietin (EPO) and heme oxygenase 1 (HO-1), has
been tested in pre-clinical models of stroke. The following
section discusses a limited selection of the genes known to be
activated by HIF, highlighting some of the evidence which
supports their role in neuroprotection.

Erythropoietin (EPO)

EPO is a circulating glycoprotein hormone that is pre-
dominantly synthesized in the kidney and liver; its primary
role is in the stimulation of erythrocyte production. In fact,
EPO is the prototypic HIF responsive gene, since it was in-
vestigation of the mechanism underlying increased expres-
sion of EPO in response to low oxygen that led to the
identification of HIF (215). Genetic defects have been identi-
fied in VHL (hypomorphic allele), PHD2 (haploinsufficiency),
and HIF-2a (activating mutation), which are associated with
excess EPO production in patients (9, 63, 135, 189, 190). Re-
combinant EPO has been highly effective in treating the ane-

mia of chronic renal failure, which is associated with relative
EPO deficiency (158).

The brain expresses both EPO and the EPO receptor, and
preclinical and preliminary clinical data indicate that it may
also be useful in the treatment of ischemic CNS injuries. Stu-
dies of human and rat brain show that cerebral EPO is pro-
duced by both neuronal and glial cells and that neurons, glia,
and cerebral endothelial cells all express the EPO receptor
(112, 160, 172). In vitro EPO added to neuronal cultures pro-
tects from both hypoxic and glutamic injury (172) and nu-
merous groups have reported that EPO is neuroprotective in
rodent models of cerebral ischemic damage, traumatic brain
injury, and spinal cord injury (26, 68, 74, 155, 162, 196, 205,
230, 270). Furthermore experiments in which endogenous
EPO is neutralized, using a soluble form of the EPO receptor,
show that EPO inhibition is sufficient to abrogate, at least in
part, the neuroprotective effects of hypoxia precondition-
ing (155, 196). In a human clinical trial, EPO showed prom-
ising results and minimal side effects. Improvements in
infarct volume and functional outcome were observed when
EPO was administered within 8 h of the onset of acute stroke
(46). The neuroprotectant role of EPO may be multimodal,
with anti-apoptotic, neurotrophic, angiogenic, and anti-
inflammatory effects (111, 159). Furthermore, an EPO ana-
logue that does not bind to the dimeric EPO receptor and lacks
erythropoietic activity, carbamylated EPO, was also neuro-
protective (142). The anti-apoptotic effect of EPO on hema-
topoietic cells is well characterized (220). EPO has also been
reported to reduce neuronal apoptosis in the penumbra in rats
subjected to MCAO (middle cerebral artery occlusion) (221).
EPO can downregulate the proapoptotic genes BAX and DP5
and induce the expression of the antiapoptotic proteins BCL-2
and BCL-xL in the ischemic brain (132, 249). The signaling
pathways involved are not fully elucidated, however some
of these effects are likely to involve NFkB. Following EPO
receptor activation IkB, an inhibitor of NFkB, is phosphory-
lated, resulting in the cytosolic release of NFkB (41) (see sec-
tion entitled ‘‘Hypoxic Preconditioning’’ for a brief description
of the role of NFkB in neuroprotection). EPO may also limit
cerebral damage through anti-inflammatory effects. Re-
combinant EPO administered in a rat model of cerebral is-
chemia reduced both the activation of glial cells and the
number of infiltrating leukocytes. Levels of the inflammatory
cytokines TNF, IL6, and MCP1 were also decreased (241).
EPO could also enhance repair of damaged areas by pro-
moting neurogenesis and angiogensis through stimulation of
neural and erythroid progenitor proliferation and differenti-
ation (145, 174, 218).

Vascular endothelial growth factor (VEGF)

VEGFA encodes an angiogenic factor referred to here as
VEGF, of which there are several isoforms. It is induced fol-
lowing ischemic stroke and is neuroprotective in several an-
imal models of cerebral ischemia (86, 90, 139, 194, 252, 264).
For example, intracerebroventricular VEGF treatment of rats
following transient cerebral ischemia resulted in reduced
infarct size and delayed neuronal injury (229). Conversely
administration of neutralizing anti-VEGF antibodies or anti-
sense knock-down of VEGF increased infarct size (140, 263).
VEGFs ability to promote cerebral angiogenesis and vasodi-
lation may be beneficial following stroke by improving
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oxygen and nutrient delivery to the ischemic area. However,
blood vessel growth initiated by VEGF alone stimulates the
formation of an immature, leaky vasculature, which may
contribute to edema, and worsen cerebral injury. Indeed,
some models have shown a deleterious effect of VEGF in
cerebral ischemia (274). It has been postulated that VEGF-
mediated neuroprotection may be due to its neurotrophic,
rather than angiogenic, effects. VEGF is known to inhibit
programmed cell death in ischemia via a pathway involving
phosphatidylinositol-3-kinase (PI3K) dependent activation of
AKT (107). A report from Jin et al. showed that VEGF can
inhibit caspase 3 in a culture of embryonic cortical neurons
exposed to hypoxia (104). VEGF can also stimulate neuro-
genesis in vitro in cortical neuronal cell cultures and in vivo in
the subventricular zone (SVZ) and subgranular zone (SGZ) of
rats treated with VEGF via intracerebroventricular injection
(106). Timing, dose, and route of administration are likely to
be important in dictating the balance of favourable versus
detrimental effects associated with VEGF therapy of acute
stroke.

Heme oxygenase 1 (HO-1)

HO-1 is a HIF target gene that has been shown to be ex-
pressed in the cerebellum following focal ischemia (64) and in
the retina following repetitive hypoxic preconditioning (279).
HO-1 cleaves the heme molecule, producing free iron, carbon
monoxide (CO), and the antioxidant bilirubin. Neuronal
overexpression of HO-1, under the control of the neuron
specific enolase promoter, has been shown to be neuropro-
tective in a murine model of cerebral ischemia (MCAO). The
transgenic animals showed reductions in stroke volume and
cerebral edema compared to wild-type mice 24 h after ische-
mia (186). A reduction in lipid peroxidation was also noted in
the transgenic animals (186). Furthermore, a recent study of
HO-1 knockout mice demonstrated that the neuroprotective
properties of ischemic preconditioning are at least in part
dependent on HO-1. In experimental models of both transient
and permanent cerebral ischemia, ischemic preconditioning
conveyed partial protection (reduced infarct volume and
neurological deficits) to wild-type, but not HO-1 knockout
mice (269). Pre-conditioning with the HO-1 inducer hemin has
been shown to be beneficial in protecting against ischemic
insults in a variety of organs (136, 259). HO-1 produces bili-
rubin, which is a potent free radical scavenger and can
therefore limit ischemic reperfusion injury by preventing free
radical mediated damage (34). HO-1 has also been reported to
drive the resolution of inflammation in vivo, and in vitro ex-
periments also support an anti-inflammatory role (254). Ma-
nipulation of HO-1 expression levels in endothelial cell
cultures, by forced expression or siRNA, shows a reciprocal
relationship between the expression of HO-1 and pro-
inflammatory cell adhesion molecules such as intercellular
cell adhesion molecule (ICAM) and vascular cell adhesion
molecule (VCAM) (222, 242).

Adrenomedullin (AM)

AM is a HIF target gene that encodes a vasodilating hor-
mone whose expression is enhanced in the rodent brain
following ischemia (216) or an episode of hypoxic pre-
conditioning (19, 20, 232, 235). In in vitro studies AM protects
murine primary cortical neurons in a model of oxygen glucose

deprivation (235). Transgenics overexpressing AM in the liver
show improved recovery in models of hind limb and cerebral
ischemia (171). Infarct area, gliosis, leukocyte infiltration,
apoptosis, and oxidative stress in the ischemic core were all
found to be reduced in AM transgenics subjected to MCAO.
AM transgenics also displayed improvements in vascular re-
generation, cerebral blood flow, neurogenesis, and neuro-
logical function. Furthermore, administration of exogenous
AM has been reported to be neuroprotective in numerous
experimental models of ischemic brain injury (42, 171, 245,
257, 258). These results are consistent with a neuroprotective
role for AM in the ischemic brain.

A role for HIF in brain energy metabolism:
Mitochondria and the glycolytic pathway

In many different cell types HIF activation results in ex-
tensive changes in energy metabolism, broadly enhancing the
ability to maintain energy homeostasis as oxygen levels are
lowered. The brain consumes a large amount of ATP, since
neurons must maintain their resting membrane potential for
proper neuronal function. Blood flow to the brain is critical
for maintaining the supply of glucose and oxygen required for
mitochondrial ATP production; therefore the brain is partic-
ularly susceptible to the detrimental effects of ischemia.

Neuronal ion channels. During hypoxia, neurons un-
dergo hyperpolarization through activation of ATP-sensitive
potassium channels, which decreases both their neuronal ac-
tivity and energy consumption. This has been suggested to be
a homeostatic response to the reduced energy supply expe-
rienced during hypoxia and may have a protective effect by
delaying depolarization of the neurons (13, 85, 169, 260).
Regulation of ion channels by HIF is an emerging area of
research, but although some ion channels have been reported
to be regulated by HIF (24, 251), it is not currently clear
whether HIF could contribute to modulation of ion channels
in the brain during ischemia, or whether neuronal ion chan-
nels are regulated by other routes.

Mitochondrial function and biogenesis. During hypoxia,
mitochondrial ROS production increases (31, 81, 193). This
can lead to increased damage of important cellular compo-
nents. Several HIF dependent mechanisms have been re-
ported which actively suppress mitochondrial metabolism,
and thus ROS production, during hypoxia. First, HIF is
known to upregulate pyruvate dehydrogenase kinase (PDK),
which inhibits the key mitrochondrial enzyme pyruvate de-
hydrogenase, in turn preventing the flow of pyruvate into the
tricarboxylic acid (TCA) cycle, instead shunting it to lactate
(121, 187). Maintaining the cell’s energy supply is essential for
most cellular processes and ultimately survival of the cell.
During hypoxia, HIF-1a knockout mouse embryonic fibro-
blasts fail to switch effectively to glycolytic metabolism and
show increased apoptosis due to oxidative stress. Over-
expression of PDK rescues the cells by directing pyruvate
away from mitochondrial respiration (121). HIF has also been
shown to regulate expression of cytochrome oxidase 4 (COX-
4) subunits that determine the efficiency of mitochondrial
respiration (59) and the MYC proto-oncogene, which controls
both the transcription of mitochondrial components and mi-
tochondrial biogenesis (143). Zhang et al. demonstrated that
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HIF, acting via the repression of c-Myc, can inhibit mito-
chondrial biogenesis in VHL defective renal cancer cells (272).
Furthermore exposure of wild-type MEFs to hypoxia results
in decreases of both mitochondrial mass and DNA content.
Conversely, the mitochondrial mass and DNA content is in-
creased in HIF1a knockout MEFs compared to wild-type
MEFs (271).

Glycolytic pathway. Glycolytic metabolism does not re-
quire oxygen, allowing cells to continue ATP production even
under anaerobic conditions, though at a much reduced rate
(6). HIF activation is known to trigger a switch from oxidative
to glycolytic metabolism in a wide variety of cell types (16,
224, 266). In addition to maintaining the cellular energy sup-
ply, this also results in decreased cellular oxidative stress
during hypoxia by reducing mitochondrial ROS leakage. In
order to bring about this switch, HIF induces glucose trans-
porters (GLUT1, GLUT3) and genes involved in the glycolytic
pathway (e.g., glucosephosphate isomerase, aldoase A and C,
phosphoglycerate kinase 1, and lactate dehydrogenase A) (87,
213). Interestingly, induction of several glycolytic genes has
been observed following hypoxic preconditioning in the
neonatal rat brain (108). However, the relevance of changes in
glycolysis to survival in ischemia is likely to be limited. This is
because in the absence of perfusion the ability of glycolysis to
generate adequate ATP for neuronal and other cellular sur-
vival is likely to be very limited, not only due to low yield of
ATP relative to oxidative phosphorylation, but also severely
limited availability of glucose and the accumulation of lactate.

A role for HIF in endogenous neuroregeneration

Cerebral ischemia has been shown to stimulate neurogen-
esis, with increased proliferation of both endothelial and neural
progenitors observed in the SVZ and SGZ (141, 177). Some
evidence also exists to support a role for HIF and HIF target
genes in aspects of neural cell progenitor biology (e.g., main-
tenance of the neural stem cell niche, neural stem cell prolif-
eration, mobilization of neural stem cells to areas of ischemic
insult, and differentiation of neural progenitors). Interestingly,
recent studies investigating stem cell transplantation as a
therapy for ischemic damage have demonstrated that hypoxic
preconditioning of the stem cells prior to transplantation re-
sults in improved outcome (98, 233). In a rodent stroke model,
less cell death and increased motor function were observed in
rodents transplanted with hypoxic preconditioned stem cells,
compared to those transplanted with untreated stem cells
(233). Taken together, this suggests that HIF activation within
the brain may play a beneficial role in supporting endogenous
neuroregeneration following ischemia.

Maintenance of the neural stem cell niche. Culturing
embryonic hematopoietic progenitors and neural crest stem
cells in hypoxic conditions enhances the number of multi-
potent precursors in comparison to normoxic cultures (5,173).
Recently, Octamer binding transcription factor 4 (Oct-4), a
transcription factor which is essential for maintaining stem
cell pluripotency, was reported to be a target of HIF-2a (37).
Overexpression of Oct4 in neural stem=progenitor cell neu-
rospheres has been shown to prevent neuronal differentiation
(184) and therefore HIF-induced Oct4 may contribute to for-
mation and maintenance of stem cell niches during hypoxia.

Proliferation of neural progenitors. In addition to VEGF,
there is evidence that several other neurotrophic growth fac-
tors are also regulated by HIF, such as platelet derived growth
factor (PDGF) (267), fibroblast growth factor 2 (FGF-2) (28),
transforming growth factor a (TGF-a) (80), and stem cell factor
(SCF; kit ligand) (84). Many of these factors have been re-
ported to be induced during ischemic preconditioning (177).
Neurotrophic factors are known to promote both cell survival
and proliferation and several have shown benefit in experi-
mental models of ischemic stroke (152, 244). For example, the
TGF-a=EGFR pathway is induced by HIF (80) and adminis-
tration of TGF-a in MCAO induces both the proliferation and
mobilization of endogenous progenitors and behavioral re-
covery (79). Furthermore, a report from Jin et al. showed that
hypoxia increased both the proliferation of cerebral cortical
cultures and the expression of the neurotrophins SCF and
FGF-2 (105). These have been reported to be HIF targets in
other cell types (28, 84). Intraventricular administration of
SCF has been reported to enhance neurogenesis in vivo in
adult rats in the SVZ and SGZ (105). Likewise, FGF-2 has also
been reported to have beneficial effects, with infusion having
been demonstrated to stimulate regeneration of hippocampal
pyramidal neurons after ischemic brain injury by recruitment
of endogenous neural progenitors (176). FGF-2 has also been
tested as an experimental treatment for stroke (23), however
treatment of stroke with neurotrophic factors is hampered by
poor BBB penetration (256).

Mobilization and recruitment of neural progenitors. HIF
has also been implicated in the mobilization and recruitment
of neural stem cells. The chemokine (C-X-C motif ) receptor 4
(CXCR4)=stromal derived factor 1 (SDF-1) signaling pathway
is important in the directional migration of neural progenitors
during normal brain development (17, 44, 151, 280). CXCR4
and SDF-1 are known to be regulated by HIF in several cell
types and have been shown to be induced by HIF in the mouse
brain (cortical and hippocampal neurons) (228). More re-
cently, Chu et al. showed that treatment with desferrioxamine
(DFO) increased the expression of HIF and several HIF target
genes, including CXCR4 in human neural stem cells (33).
Furthermore, neural stem cells pretreated with DFO and im-
planted into rats, which were subsequently subjected to focal
ischemia, displayed reduced infarct volume compared to
animals transplanted with naive stem cells (33). SDF-1 has
been shown to be increased in the ischemic penumbra fol-
lowing MCAO, providing a homing signal for cells expressing
the CXCR4 receptor (95, 212). Taken together, these reports
would be consistent with HIF induction of the CXCR4=SDF-1
pathway mediating recruitment of neural progenitors to areas
of damage following ischemic injury. However, it remains to
be fully elucidated how far the neural progenitor cells can
move from their usual location in the brain (SVZ) to the in-
jured area.

Differentiation of neural progenitors. Several groups have
demonstrated that culturing neural progenitor=stem cells in
hypoxic conditions enhances not only cell survival and pro-
liferation, but also the number of cells that differentiate into
dopaminergic neurons (173, 225, 227). The PHD inhibitor FG-
4497 that activates HIF has also been shown to promote do-
paminergic differentiation in neural progenitor cells (168).
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The potential contribution of several HIF target genes and
pathways to the survival, proliferation, and mobilization of
neural progenitors, suggests that HIF activation could pro-
mote repair following ischemia.

Genetic Approaches to Determining
Whether HIF Activation Is Neuroprotective

Genetic investigations in mice offer a potential means for
manipulating the HIF pathway. For example, if HIF activation
is protective in ischemic injury, it would be predicted that
animals lacking a HIF-a subunit would show increased sus-
ceptibility. However, lack of either HIF-1a or HIF-2a is gen-
erally associated with embryonic lethality in mice. This is
consistent with the importance of this pathway in develop-
ment, but means that global knockouts are not available to
probe the role of HIF in cerebral ischemia. Nevertheless, it is
interesting that global HIF-1a knockouts show impaired brain
development (neural tube defects) that are associated with
abnormal cerebral vasculature and cephalic mesenchymal cell
death, attesting to the importance of the pathway in the CNS
(101, 204).

The problem of embryonic lethality in experimental models
can be circumvented by using mice with neuronal-specific
lack of HIF-1a using Cre-lox technology. These have shown
mixed results. Helton et al. first reported an advantageous
effect of neuronal HIF-1a knockdown in the bilateral common
carotid artery occlusion (BCCAO) model of stroke. This was
attributed to suppression of pro-apoptotic HIF-1 target genes,
for example, BCL2=adenovirus E1B 19kDa interacting protein
3 (BNIP3) (92). A contrasting report from Baranova et al., using
the same transgenic lines, showed that HIF-1a knockdown
was deleterious in the MCAO stroke model (14). The cause of
the discrepancies between these reports remains unclear; but
may be a reflection of the stroke models used [global
(BCCAO) versus focal (MCAO) ischemia] and the duration of
the ischemic insult (75 vs. 30 min). Given the complex nature
of cerebral ischemia, conditional knockouts of HIF-1a in a
single cell type should be regarded with caution, since acti-
vation of multiple HIF isoforms in numerous cell types may
play a role in stroke and its treatment. Nevertheless, these
contrasting effects of HIF inactivation reinforce the view that
activation of HIF is likely to mediate both beneficial and
detrimental effects, which is crucial when considering the
potential benefit of HIF activation in stroke.

Evidence That Certain Protective Agents
in Stroke May Act via HIF

Preconditioning with a variety of different stimuli has been
demonstrated to provide protection from ischemic injury
during a subsequent episode of ischemia. The volatile anes-
thetic gases, isoflurane and xenon, have been reported to in-
duce tolerance and protect against ischemic insults in a
variety of organs, including the brain (115, 149, 161, 276–278)
More recently, it has been demonstrated that these gases can
also induce HIF. Isoflurane induces HIF-1 in neuronal cultures
and is protective against subsequent oxygen–glucose depri-
vation, an in vitro model of ischemia (144). Ma et al. recently
used siRNAs targeting HIF-1a to provide the first direct evi-
dence that anesthetic preconditioning can be mediated via HIF.
In a model of renal ischemia, the effects of xenon-mediated
preconditioning were demonstrated to be mediated, at least in

part, via HIF-1a (150). A recent screening study of FDA ap-
proved compounds identified the immunomodulatory drug
tilorone as a HIF activator. Functional studies showed that ti-
lorone was protective in rat models of stroke and spinal cord
injury (199). However, it is unlikely that this particular com-
pound will be useful in humans, since it has previously been
associated with lysosomal accumulation of sulfated glycos-
aminoglycans (GAGs) due to a disturbance of lysosomal GAG
degradation. Taken together, these reports suggest that certain
pharmacologic treatments which are neuroprotective could act,
at least in part, by activating HIF.

Prolyl Hydroxylase Inhibitors:
A Route to HIF Induction

The development of small molecules that induce HIF-a via
inhibition of the HIF-a degradation pathway has been pro-
posed as a potentially useful therapeutic strategy for the
treatment of ischemia. When oxygen is present, specific prolyl
and asparaginyl residues in the HIF-a subunit are hydroxyl-
ated by a class of non heme iron- and 2-oxoglutarate (2-OG)-
dependent dioxygenases. Factor-inhibiting HIF (FIH) and
prolyl hydroxylase domain (PHD) enzymes affect the activity
and stability of HIF, respectively. FIH catalyzes the hydrox-
ylation of an asparagine residue in the carboxy-terminal ac-
tivation domain (CTAD) of HIF-a. This prevents the formation
of an active transcriptional complex by blocking recruitment
of transcriptional coactivators, such as p300 (137, 153). PHDs
hydroxylate two proline residues in the oxygen-dependent
degradation domain (ODDD) of HIF-a, allowing it to interact
efficiently with VHL (51, 93). VHL acts as the substrate rec-
ognition subunit of an E3 ubiquitin ligase complex composed
of elongin B=C, cullin 2, and ring box 1 (119, 124, 165).
Therefore, interaction of HIF-a with VHL results in its poly-
ubiquitnation, targeting it for destruction by the 26S protea-
some (165). As a result of this efficient and rapid degradation
system, HIF-1a protein is virtually undetectable under nor-
moxic conditions (HIF-1a normoxic half-life<1 minute) (268).
Normoxic degradation of HIF is illustrated in Fig. 2.

However, when the oxygen tension is reduced, these en-
zymatic hydroxylation reactions do not proceed efficiently;
therefore VHL can no longer target the unmodified HIF-a
subunits for destruction. Mitochondrial ROS, which are in-
creased during hypoxia, have also been reported to be capable
of inactivating PHD enzymes, via oxidation of the enzyme-
bound iron (66, 82, 120). Decreased activity of PHD enzymes
in hypoxia allows HIF-a subunits to accumulate and dimerize
with HIF-b (also known as the aryl hydrocarbon receptor
nuclear translocator [ARNT]). The HIF complex induces
transcription by binding to hypoxic response elements
(HREs), with the minimal core sequence 50-RCGTG-30, located
in the region of well over a hundred target genes, including
carbonic anhydrase IX (CAIX) (75), EPO (214), and VEGF (55)
(Fig. 3). Besides direct interactions with DNA, HIF also in-
teracts with other transcription control complexes.

Small molecule inhibitors of PHDs potently activate the
HIF response. Therefore it has been proposed that adminis-
tration of PHD inhibitors could mimic, at least in part, the
protective effects of exposure to hypoxia. Importantly from a
therapeutic standpoint, ischemia appears to result in a sub-
maximal activation of HIF-1 and this is increased by inhibition
of PHD enzymes.
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Current Agents That Inhibit PHD Enzymes
and Induce HIF

Prototype PHD inhibitors offer protection
against ischemia

PHD enzymes require iron and 2-OG in order to catalyze
HIF prolyl hydroxylation (102). DFO and cobalt chloride
(CoCl2), an iron chelator and competitive inhibitor of iron,
respectively, are routinely used both in vitro and in vivo to
inhibit PHD enzyme activity and thus stabilize HIF. In vivo
studies in both neonatal and adult rats have shown that pre-
conditioning with DFO or CoCl2 is protective in pre-clinical
models of cerebral ischemia (109, 146, 195). The 2-OG ana-
logues L-mimosine (L-mim), dimethyloxalylglycine (DMOG),
and 3,4-dihydroxybenzoate (3,4-DHB) can also be used to
inhibit PHD enzymes. Administration of 3,4-DHB was ob-
served to induce HIF and reduce infarct volume in the murine
brain in a model of permanent focal ischemia and prevented
oxidative glutamate toxicity in embryonic cortical neuronal
cultures (7). Both L-mim and DMOG have been shown to
ameliorate the effects of renal ischemia=reperfusion injury in
mice (94). However, not all reports are consistent with a
beneficial effect of 2-oxoglutarate analogues. A recent publi-
cation showed that DMOG treatment of neonatal rat pups
subjected to unilateral carotid artery ligation, followed by 2 h
of hypoxia, resulted in increased BBB permeability and more
brain edema compared to control animals (32). Differences in
the severity and duration of the ischemic insult, the treatment
regimen, and the prognostic parameters measured are likely
to contribute to the different outcomes reported. It is also
important to consider that any protective effects afforded by
these molecules may be the combined result of the activa-
tion of HIF and HIF target genes, non-HIF PHD targets and
‘‘off-target’’ effects; since they are not selective for the PHD
enzymes and will certainly inhibit other 2-OG dependent
oxygenases.

Off-target effects of current agents
which inhibit PHD enzymes

The majority of studies published to date have used com-
pounds which limit either iron or 2-OG availability to analyze
the effects of PHD inhibition in pre-clinical ischemic stroke
models (7, 109, 146, 195). Iron chelators and competitive in-
hibitors impair the activity of both the PHD enzymes and
other iron-dependent enzymes. Given the wide range of en-
zymes that utilize iron, this is likely to have complex effects in
the context of cerebral ischemia. The brain has high concen-
trations of iron, which are stored in the cytoplasmic protein
ferritin. During ischemia, acidosis and reactive oxygen and
nitrogen species stimulate the release of this iron. The free iron
is then able to catalyze ROS formation via Fenton chemistry,
which could lead to radical-mediated damage of cellular
components (223). Given this, sequestration of iron may on
balance be beneficial following ischemic stroke and may
contribute to the neuroprotective action of iron chelators.

2-OG analogues used for PHD inhibition, such as DMOG,
also inhibit other cellular 2-OG dependent enzymes. An in-
teresting example is FTO (fat mass and obesity associated), a
2-OG dependent dioxygenase implicated in weight regulation
that is highly expressed in the brain (67). On the other hand, a
recent study comparing the effects of hypoxia to DMOG
treatment found that the effects, in terms of gene expression,
were highly concordant in MCF7 breast cancer cells and were
largely mediated via HIF-1a (47).

Non-HIF partners=substrates of PHD enzymes
that may be disturbed by PHD inhibition

Recent findings have shown that, in addition to HIF, the
PHD enzymes interact with various other proteins. Several
of these, including osteosarcoma amplified 9 (OS9) (12),
mitogen-activated protein kinase organizer 1 (MORG1) (96),
and the tumor suppressor gene inhibitor of growth family,

FIG. 2. VHL targets HIF-a subunits
for destruction in normoxia. Ab-
breviations: B, Elongin B; C, Elongin
C; Cul 2, Cullin 2; Fe, iron; HIF,
hypoxia inducible factor; ODDD, ox-
ygen dependent degradation domain;
2-OG, 2-oxoglutarate; PHD, prolyl
hydroxylase domain enzyme; Rbx,
Ring box 1; VHL, von Hippel–Lindau.
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member 4 (ING4) (36), can bind to the PHD enzymes to
modulate their activity. Ozer et al. showed recently that
knock-down of ING4 results in increased HIF transcriptional
activity, with increased expression of HIF target genes in
hypoxia (185). PHD enzymes have also been reported to
control the degradation=activity of proteins other than HIF.
IkB kinase-b (IKKb), which is upregulated in hypoxia, has
been shown to co-immunoprecipitate with PHD1. This in-
teraction is thought to lead to increased NFkB activity in
hypoxia, since IKKb is a critical negative regulator of NFkB

activity. When a conserved proline residue in IKKb (which is
homologous to the ODD found in HIF-1) is mutated, hypoxic
induction of IKKb is prevented (38). Furthermore, a report
from Koditz et al. showed that activating transcription factor
4 (ATF4) is stabilized in anoxia and also by mutation of
proline residues within ATF4 or by silencing of PHD3 using
siRNA (126). Eventually understanding these interactions
may provide insight into the complex nature of the re-
sponse to hypoxia and how it is adapted to particular cir-
cumstances.

FIG. 3. HIF-1a is stabilized in hypoxia and target genes are transcribed. Under hypoxic conditions, pVHL cannot target
HIF-1a for proteasomal degradation. HIF-a dimerizes with HIF-b before inducing transcription by binding to HREs in the
promoter regions of HIF target genes. Abbreviations: BNIP3, BCL2=adenovirus E1B 19 kDA interacting protein 3; CAIX,
carbonic anhydrase IX; c-Met, hepatocyte growth factor receptor;CTGF, connective tissue growth factor; CXCR4, C-X-C
chemokine receptor type 4; eNOS, endothelial nitric oxide synthase; FLT-1, fms-related tyrosine kinase 1; GLUT-1, glucose
transporter 1; HO-1, heme oxygenase 1; HRE, hypoxia response element; iNOS, inducible nitric oxide synthase; IGFBP-1,
insulin-like growth factor binding protein 1; PAI-1, plasminogen activator inhibitor 1; TIMP1, tissue inhibitor of metallo-
proteinase 1; VEGF-A, vascular endothelial growth factor A.
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Summary

Research to identify PHD interactors is ongoing and it is
likely that further substrates exist which are yet to be identi-
fied. Since treatment with PHD inhibitors has the potential to
disrupt not only HIF prolyl hydroxylation, but also that of
potential non-HIF substrates, it will be important to consider
the implications of inhibiting these interactions when con-
sidering the therapeutic potential of this approach.

Evidence for Beneficial Effects of Specific
PHD Inhibition in Ischemia

Genetic evidence

A recent report from Eckle et al. examined whether inhibi-
tion of specific PHD isoforms could induce cardioprotection
in mice. Intraventricular administration of siRNAs targeting
PHD2, but not PHD1 or PHD3, resulted in increased HIF
protein levels in mouse cardiac tissue. Treatment with PHD2
siRNA also resulted in reduced infarct volume following
coronary artery ligation (45). A genetic mouse model in which
PHD1 is globally knocked-out has also provided compelling
evidence that specific inhibition of PHD enzymes may be
beneficial in skeletal muscle ischemia. Under basal conditions,
PHD1 knockouts have impaired oxidative phosphorylation
compared to wild-type mice. During hind limb ischemia, this
was shown to limit oxidative stress from mitochondrial free
radical production, resulting in increased protection of PHD1
knockouts from ischemic damage (10). Taken together, these
studies support the notion that pharmacological suppression
of PHD enzymes may be beneficial in the treatment of ische-
mia and also suggest that different PHD isoforms are likely to
be important in different tissues.

Novel PHD inhibitors

The development of novel PHD inhibitors for the treatment
of ischemic diseases, including stroke, is currently ongoing.
The PHD inhibitor described as compound A (FibroGen),
which is thought to act by preventing iron from acting as a co-
factor, has been shown to abrogate oxidative stress-induced
death in cortical neurons in vitro. Compound A was also able
to induce HIF and reduce infarct volume in a murine model of
ischemic stroke (219). Another FibroGen compound, FG-4497,
has recently been reported to stabilize HIF-1a and several
vasoactive and cytotrophic HIF target genes, including VEGF,
ADM, EPO, and CXCR4, in the neonatal mouse brain (211).
FG-4497 has also shown significant protective effects when
used as a preconditioning agent for the treatment of ischemic
conditions in other organs (e.g., hypoxic kidney injury (202)
and inflammatory bowel disease (200)). FG-4497 has also been
shown to enhance the proliferation, neurogenesis, and do-
paminergic differentiation of human fetal mesencephalic
neural progenitor cells (168). Taken together, these results are
promising and suggest that PHD inhibitors could be useful in
the treatment of ischemic stroke.

Summary

PHD inhibitors could act via HIF (and potentially other
pathways) on multiple targets to minimize damage and pro-
mote repair. From a therapeutic stand-point, this is attractive,
since clinical trials with agents targeting single aspects of cell

death in ischemic stroke have had disappointing results. The
neuroprotective pathways induced by PHD inhibitors are
likely to be a subset of those induced by hypoxia, however
PHD inhibition may also activate other pathways.

Besides the effects on cell survival, it is important to ap-
preciate that the consequences of HIF activation are pleio-
tropic, and could have other effects that would influence
outcome in cerebral ischemia. Of particular interest, we and
others have shown that the HIF pathway influences intercel-
lular junction formation, implying that it may influence the
blood-brain barrier (BBB). This is discussed in the following
section.

Effects of PHD Inhibitors
on the Blood-Brain Barrier (BBB)

The BBB is a specialized structure separating the systemic
circulation from the brain. This section will focus on the
structure of BBB in the normal brain, how ischemia affects the
integrity of the BBB, and the likely effects of PHD inhibition on
the BBB.

Structure of the blood-brain barrier

The BBB is composed of specialized endothelial cells of
cerebral microvessels. Astrocytes, pericytes, and perivascular
microglia surround the endothelial cells and are also impor-
tant for proper function of the BBB. BBB endothelial cells have
a distinctive phenotype. Unlike other endothelial cells, they
form tight junctions (TJs), which resemble those formed by
epithelial cells. TJs formed between cerebral capillary endo-
thelial cells seal adjacent endothelial cells and perform a
critical role in controlling the substances which enter the brain
(157).

TJs are formed in the most apical region of the lateral
plasma membrane and are composed of specific transmem-
brane proteins (occludin, claudins, and JAMs) which are
linked to the actin cytoskeleton via intracellular adaptor
proteins (the zona occludens (ZO) family proteins). ZO pro-
teins also bind the signalling molecule ZO-1-associated nu-
cleic acid binding protein (ZONAB) at the TJ. The claudins
and occludin are polytypic transmembrane proteins with four
transmembrane domains (60, 238). They are thought to as-
semble into heteropolymers that form intramembranous TJ
strands (237). The intercellular space is obliterated at the point
at which TJ strands in the apposed membranes of adjacent
cells associate with each other (237).

TJ strands contain ion channels which are key to regulating
paracellular permeability. Studies using truncation mutants
and synthetic peptides corresponding to the transmembrane
domains of occludin suggest that occludin contributes to the
barrier=sealing functions of the TJ (54). However, it is now
widely recognized that the large variety in strength, size, and
ion specificity of TJ barriers in different epithelia and endo-
thelia is largely due to the type of claudin(s) found at specific
TJs (8, 61). The extracellular loops of occludin contain very few
charged amino acids, however these loops are charged in
claudins and their isoelectric point varies widely between the
different members of the claudin family (35, 239). Over 20
different claudins have been identified, giving an enormous
scope for variation of TJ structure and function. Claudins 1, 3,
5, and 12 have been identified in endothelial cells of the BBB
(89). Claudin 5 has been show to be important in regulating
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paracellular permeability of small molecules. Increased ex-
pression of claudin 5 In vitro in rat brain capillary endothelial
cells results in decreased monolayer permeability (181).
Consistent with these results, claudin 5 mouse knockouts
have compromised BBB, with increased permeability of
molecules up to 800 Da in mass (179).

Effects of ischemic stroke on the blood-brain barrier

Several groups have studied the effects of hypoxia=
reoxygenation and ischemia=reperfusion in BBB models and
shown that hypoxia is associated with changes in both para-
cellular permeability and localization of TJ proteins in cerebral
microvessel endothelial cells (117, 157, 248, 255). Exposure of
either murine brain endothelial cells or retinal flatmounts to
hypoxia has been shown to reduce claudin 5 expression levels
(129). Paracellular permeability of low molecular weight
compounds was also increased in hypoxic retinal flatmounts
(129). In vivo studies have also reported changes in TJ integrity
in association with cerebral ischemia. Following microsphere
embolism in mice, Kago et al. observed decreases in expres-
sion of the TJ proteins occludin and ZO-1 and increased
paracellular permeability (113). However, it should be noted
that ischemia or hypoxia-induced alterations in BBB TJs have
not been observed in all studies. This may be related to dif-
ferences in the degree of hypoxia suffered by different areas of
the brain following an ischemic insult (infarct zone versus
penumbra versus BBB) and because of the time required for TJ
disassembly to occur.

Mechanisms of BBB disruption after ischemia

Ischemia results in increased expression of several potential
effectors, including matrix metalloproteases, cathepsins, t-PA,
and heparanases, which contribute to degradation of the BBB
extracellular matrix (192, 206). Evidence supporting a role for
HIF in mediating disruption of BBB TJs following ischemia
also exists. In a recent study, the iron competitive PHD in-
hibitor CoCl2 and ischemia=reperfusion both resulted in de-
creased ZO-1 expression and assembly and increased
paracellular permeability in in vitro cultures of adult rat brain
endothelial cells. Furthermore, the changes mediated by
CoCl2 or hypoxia=reoxygenation in vitro or by ischemia=
reperfusion in vivo, were attenuated using YC-1, an inhibitor
of HIF (265). Several groups, including ourselves, have also
reported the involvement of HIF in impaired junction as-
sembly in the kidney. Expression of the adherens junction
protein E-cadherin, along with the TJ proteins occludin and
claudin 1 is suppressed in VHL defective cells expressing HIF
compared to VHL competent cells (52, 53, 88, 131). Given
this, it is plausible that HIF plays a role in reorganization=
disassembly of cell junction assembly in the BBB following
ischemic stroke.

Potential consequences of increased BBB
permeability in ischemic stroke

Detrimental effects, such as increased inflammation and an
increased risk of edema, have been associated with increased
BBB permeability (201, 206). Furthermore, edema in the en-
closed cranium will increase pressure and could compromise
perfusion. Therefore, adverse effects of increased permeabil-
ity should be carefully monitored when administering drugs

which have the potential to relax BBB TJs, including PHD
inhibitors.

On the other hand, relaxation of BBB TJ also has the po-
tential to improve drug delivery. Under normal physiological
circumstances, substances that are greater than *180 Da
cannot pass through the BBB via the paracellular route (170).
The delivery of hydrophilic or large molecules to the CNS
remains challenging. TJ modulation was investigated previ-
ously as a route to enhancing drug penetration across the BBB
(39, 128). Increased permeability of the BBB may allow for
better drug delivery and improve the efficiency of combina-
tion therapies. However, a better understanding of BBB TJ
biology, and how this is affected by ischemia, would be nee-
ded to allow manipulation of the BBB in such a way as to
exploit benefits of TJ relaxation, while minimizing the harm.

Concluding Remarks

Ischemic cell death occurs via a cascade of events involving
several components. Single target therapies are likely to prove
less effective than those that take a more global approach,
such as PHD inhibitors. Combination therapies are also likely
to be important. PHD inhibitors may prove particularly useful
in conditions=situations in which cerebral ischemia can be
anticipated such as brain or heart surgery, cardiac arrest, and
respiratory distress. Although promising, PHD inhibitors are
unlikely to be a magic bullet in stroke treatment and further
studies to determine the full extent of their beneficial and
detrimental effects are warranted.

Acknowledgments

Work from the authors laboratory was partly funded by
Cancer Research UK, the EU 6th Framework programme
(EUROXY), and EU 7th Framework programme (METOXIA).

Author Disclosure Statement

Patrick Maxwell is a scientific founder, equity holder, and
director of ReOX Ltd. The other authors have no conflict of
interest to declare.

References

1. Collaborative overview of randomised trials of antiplatelet
therapy–I: Prevention of death, myocardial infarction, and
stroke by prolonged antiplatelet therapy in various cate-
gories of patients. Antiplatelet Trialists’ Collaboration. BMJ
308: 81–106, 1994.

2. The International Stroke Trial (IST): A randomised trial of
aspirin, subcutaneous heparin, both, or neither among
19435 patients with acute ischaemic stroke. International
Stroke Trial Collaborative Group. Lancet 349: 1569–1581,
1997.

3. North American glycine antagonist in neuroprotection in-
vestigators. https:==www.fkpi.com=release, 2000.

4. Tirilazad mesylate in acute ischemic stroke: A systematic
review. Tirilazad International Steering Committee. Stroke
31: 2257–2265, 2000.

5. Adelman DM, Maltepe E, and Simon MC. Multilineage
embryonic hematopoiesis requires hypoxic ARNT activity.
Genes Dev 13: 2478–2483, 1999.

6. Airley RE and Mobasheri A. Hypoxic regulation of glucose
transport, anaerobic metabolism and angiogenesis in can-

470 HARTEN ET AL.



cer: Novel pathways and targets for anticancer therapeu-
tics. Chemotherapy 53: 233–256, 2007.

7. Aminova LR, Siddiq A, and Ratan RR. Antioxidants, HIF
prolyl hydroxylase inhibitors or short interfering RNAs to
BNIP3 or PUMA, can prevent prodeath effects of the
transcriptional activator, HIF-1alpha, in a mouse hippo-
campal neuronal line. Antioxid Redox Signal 10: 1989–1998,
2008.

8. Anderson JM, Van Itallie CM, and Fanning AS. Setting up a
selective barrier at the apical junction complex. Curr Opin
Cell Biol 16: 6, 2004.

9. Ang SO, Chen H, Hirota K, Gordeuk VR, Jelinek J, Guan Y,
Liu E, Sergueeva AI, Miasnikova GY, Mole D, Maxwell PH,
Stockton DW, Semenza GL, and Prchal JT. Disruption of
oxygen homeostasis underlies congenital Chuvash poly-
cythemia. Nat Genet 32: 614–621, 2002.

10. Aragones J, Schneider M, Van Geyte K, Fraisl P, Dresselaers
T, Mazzone M, Dirkx R, Zacchigna S, Lemieux H, Jeoung
NH, Lambrechts D, Bishop T, Lafuste P, Diez-Juan A,
Harten SK, Van Noten P, De Bock K, Willam C, Tjwa M,
Grosfeld A, Navet R, Moons L, Vandendriessche T, De-
roose C, Wijeyekoon B, Nuyts J, Jordan B, Silasi-Mansat R,
Lupu F, Dewerchin M, Pugh C, Salmon P, Mortelmans L,
Gallez B, Gorus F, Buyse J, Sluse F, Harris RA, Gnaiger
E, Hespel P, Van Hecke P, Schuit F, Van Veldhoven P,
Ratcliffe P, Baes M, Maxwell P, and Carmeliet P. Deficiency
or inhibition of oxygen sensor Phd1 induces hypoxia tol-
erance by reprogramming basal metabolism. Nat Genet 40:
170–180, 2008.

11. Aronowski J, Strong R, and Grotta JC. Reperfusion injury:
Demonstration of brain damage produced by reperfusion
after transient focal ischemia in rats. J Cereb Blood Flow
Metab 17: 1048–1056, 1997.

12. Baek JH, Mahon PC, Oh J, Kelly B, Krishnamachary B,
Pearson M, Chan DA, Giaccia AJ, and Semenza GL. OS-9
interacts with hypoxia-inducible factor 1alpha and prolyl
hydroxylases to promote oxygen-dependent degradation of
HIF-1alpha. Mol Cell 17: 503–512, 2005.

13. Ballanyi K. Protective role of neuronal KATP channels in
brain hypoxia. J Exp Biol 207: 3201–3212, 2004.

14. Baranova O, Miranda LF, Pichiule P, Dragatsis I, Johnson
RS, and Chavez JC. Neuron-specific inactivation of the
hypoxia inducible factor 1 alpha increases brain injury in a
mouse model of transient focal cerebral ischemia. J Neurosci
27: 6320–6332, 2007.

15. Barger SW, Horster D, Furukawa K, Goodman Y, Kriegl-
stein J, and Mattson MP. Tumor necrosis factors alpha and
beta protect neurons against amyloid beta-peptide toxicity:
evidence for involvement of a kappa B-binding factor and
attenuation of peroxide and Ca2þ accumulation. Proc Natl
Acad Sci USA 92: 9328–9332, 1995.

16. Bartrons R and Caro J. Hypoxia, glucose metabolism and
the Warburg’s effect. J Bioenerg Biomembr 39: 223–229, 2007.

17. Belmadani A, Tran PB, Ren D, Assimacopoulos S, Grove
EA, and Miller RJ. The chemokine stromal cell-derived
factor-1 regulates the migration of sensory neuron pro-
genitors. J Neurosci 25: 3995–4003, 2005.

18. Bergeron M, Gidday JM, Yu AY, Semenza GL, Ferriero DM,
and Sharp FR. Role of hypoxia-inducible factor-1 in
hypoxia-induced ischemic tolerance in neonatal rat brain.
Ann Neurol 48: 285–296, 2000.

19. Bernaudin M, Nedelec AS, Divoux D, MacKenzie ET, Petit
E, and Schumann-Bard P. Normobaric hypoxia induces
tolerance to focal permanent cerebral ischemia in associa-

tion with an increased expression of hypoxia-inducible
factor-1 and its target genes, erythropoietin and VEGF, in
the adult mouse brain. J Cereb Blood Flow Metab 22: 393–403,
2002.

20. Bernaudin M, Tang Y, Reilly M, Petit E, and Sharp FR.
Brain genomic response following hypoxia and re-
oxygenation in the neonatal rat. Identification of genes that
might contribute to hypoxia-induced ischemic tolerance.
J Biol Chem 277: 39728–39738, 2002.

21. Blomgren K and Hagberg H. Free radicals, mitochondria,
and hypoxia-ischemia in the developing brain. Free Radic
Biol Med 40: 388–397, 2006.

22. Blondeau N, Widmann C, Lazdunski M, and Heurteaux C.
Activation of the nuclear factor-kappaB is a key event in
brain tolerance. J Neurosci 21: 4668–4677, 2001.

23. Bogousslavsky J, Victor SJ, Salinas EO, Pallay A, Donnan
GA, Fieschi C, Kaste M, Orgogozo JM, Chamorro A, and
Desmet A. Fiblast (trafermin) in acute stroke: Results of the
European-Australian phase II=III safety and efficacy trial.
Cerebrovasc Dis 14: 239–251, 2002.

24. Bonnet S, Michelakis ED, Porter CJ, Andrade–Navarro MA,
Thebaud B, Haromy A, Harry G, Moudgil R, McMurtry
MS, Weir EK, and Archer SL. An abnormal mitochondrial-
hypoxia inducible factor-1alpha-Kv channel pathway dis-
rupts oxygen sensing and triggers pulmonary arterial
hypertension in fawn hooded rats: Similarities to human
pulmonary arterial hypertension. Circulation 113: 2630–
2641, 2006.

25. Bracken CP, Whitelaw ML, and Peet DJ. The hypoxia-
inducible factors: key transcriptional regulators of hypoxic
responses. Cell Mol Life Sci 60: 1376–1393, 2003.

26. Brines ML, Ghezzi P, Keenan S, Agnello D, de Lanerolle
NC, Cerami C, Itri LM, and Cerami A. Erythropoietin
crosses the blood-brain barrier to protect against experi-
mental brain injury. Proc Natl Acad Sci USA 97: 10526–
10531, 2000.

27. Brunelle JK, Bell EL, Quesada NM, Vercauteren K, Tiranti
V, Zeviani M, Scarpulla RC, and Chandel NS. Oxygen
sensing requires mitochondrial ROS but not oxidative
phosphorylation. Cell Metab 1: 409–414, 2005.

28. Calvani M, Rapisarda A, Uranchimeg B, Shoemaker RH,
and Melillo G. Hypoxic induction of an HIF-1alpha-
dependent bFGF autocrine loop drives angiogenesis in
human endothelial cells. Blood 107: 2705–2712, 2006.

29. Cash TP, Pan Y, and Simon MC. Reactive oxygen species
and cellular oxygen sensing. Free Radic Biol Med 43: 1219–
25, 2007.

30. Chandel NS, Maltepe E, Goldwasser E, Mathieu CE, Simon
MC, and Schumacker PT. Mitochondrial reactive oxygen
species trigger hypoxia-induced transcription. Proc Natl
Acad Sci USA 95: 11715–11720, 1998.

31. Chandel NS, McClintock DS, Feliciano CE, Wood TM,
Melendez JA, Rodriguez AM, and Schumacker PT. Re-
active oxygen species generated at mitochondrial complex
III stabilize hypoxia-inducible factor-1alpha during hyp-
oxia: A mechanism of O2 sensing. J Biol Chem 275: 25130–
25138, 2000.

32. Chen W, Jadhav V, Tang J, and Zhang JH. HIF-1alpha
inhibition ameliorates neonatal brain injury in a rat
pup hypoxic-ischemic model. Neurobiol Dis 31: 433–441,
2008.

33. Chu K, Jung KH, Kim SJ, Lee ST, Kim J, Park HK, Song EC,
Kim SU, Kim M, Lee SK, and Roh JK. Transplantation of
human neural stem cells protect against ischemia in a

PROLYL HYDROXYLASE DOMAIN INHIBITORS 471



preventive mode via hypoxia-inducible factor-1alpha sta-
bilization in the host brain. Brain Res 1207: 182–192, 2008.

34. Clark JE, Foresti R, Sarathchandra P, Kaur H, Green CJ, and
Motterlini R. Heme oxygenase-1-derived bilirubin amelio-
rates postischemic myocardial dysfunction. Am J Physiol
Heart Circ Physiol 278: H643–H651, 2000.

35. Colegio OR, Van Itallie CM, McCrea HJ, Rahner C, and
Anderson JM. Claudins create charge-selective channels in
the paracellular pathway between epithelial cells. Am J
Physiol Cell Physiol 283: 6, 2002.

36. Colla S, Tagliaferri S, Morandi F, Lunghi P, Donofrio G,
Martorana D, Mancini C, Lazzaretti M, Mazzera L, Rava-
netti L, Bonomini S, Ferrari L, Miranda C, Ladetto M, Neri
TM, Neri A, Greco A, Mangoni M, Bonati A, Rizzoli V, and
Giuliani N. The new tumor-suppressor gene inhibitor of
growth family member 4 (ING4) regulates the production
of proangiogenic molecules by myeloma cells and sup-
presses hypoxia-inducible factor-1 alpha (HIF-1alpha) ac-
tivity: involvement in myeloma-induced angiogenesis.
Blood 110: 4464–4475, 2007.

37. Covello KL, Kehler J, Yu H, Gordan JD, Arsham AM, Hu
CJ, Labosky PA, Simon MC, and Keith B. HIF-2alpha reg-
ulates Oct-4: Effects of hypoxia on stem cell function, em-
bryonic development, and tumor growth. Genes Dev 20:
557–570, 2006.

38. Cummins EP, Berra E, Comerford KM, Ginouves A, Fitz-
gerald KT, Seeballuck F, Godson C, Nielsen JE, Moynagh P,
Pouyssegur J, and Taylor CT. Prolyl hydroxylase-1 nega-
tively regulates IkappaB kinase-beta, giving insight into
hypoxia-induced NFkappaB activity. Proc Natl Acad Sci
USA 103: 18154–18159, 2006.

39. Deli MA. Potential use of tight junction modulators to re-
versibly open membranous barriers and improve drug
delivery. Biochim Biophys Acta 1788: 892–910, 2009.

40. Diener HC, Schneider D, Lampl Y, Bornstein NM, Kozak A,
and Rosenberg G. DP-b99, a membrane-activated metal ion
chelator, as neuroprotective therapy in ischemic stroke.
Stroke 39: 1774–1778, 2008.

41. Digicaylioglu M and Lipton SA. Erythropoietin-mediated
neuroprotection involves cross-talk between Jak2 and NF-
kappaB signalling cascades. Nature 412: 641–64, 2001.

42. Dogan A, Suzuki Y, Koketsu N, Osuka K, Saito K,
Takayasu M, Shibuya M, and Yoshida J. Intravenous in-
fusion of adrenomedullin and increase in regional cerebral
blood flow and prevention of ischemic brain injury after
middle cerebral artery occlusion in rats. J Cereb Blood Flow
Metab 17: 19–25, 1997.

43. Du C, Hu R, Csernansky CA, Hsu CY, and Choi DW.
Very delayed infarction after mild focal cerebral ischemia:
A role for apoptosis? J Cereb Blood Flow Metab 16: 195–
201, 1996.

44. Dziembowska M, Tham TN, Lau P, Vitry S, Lazarini F, and
Dubois–Dalcq M. A role for CXCR4 signaling in survival
and migration of neural and oligodendrocyte precursors.
Glia 50: 258–269, 2005.

45. Eckle T, Kohler D, Lehmann R, El Kasmi K, and Eltzschig
HK. Hypoxia-inducible factor-1 is central to cardioprotec-
tion: A new paradigm for ischemic preconditioning. Cir-
culation 118: 166–175, 2008.

46. Ehrenreich H, Hasselblatt M, Dembowski C, Cepek L,
Lewczuk P, Stiefel M, Rustenbeck HH, Breiter N, Jacob S,
Knerlich F, Bohn M, Poser W, Ruther E, Kochen M, Gefeller
O, Gleiter C, Wessel TC, De Ryck M, Itri L, Prange H,
Cerami A, Brines M, and Siren AL. Erythropoietin therapy

for acute stroke is both safe and beneficial. Mol Med 8: 495–
505, 2002.

47. Elvidge GP, Glenny L, Appelhoff RJ, Ratcliffe PJ, Ragoussis
J, and Gleadle JM. Concordant regulation of gene expres-
sion by hypoxia and 2-oxoglutarate-dependent dioxygen-
ase inhibition: the role of HIF-1alpha, HIF-2alpha, and
other pathways. J Biol Chem 281: 15215–15226, 2006.

48. Ema M, Taya S, Yokotani N, Sogawa K, Matsuda Y, and
Fujii-Kuriyama Y. A novel bHLH-PAS factor with close
sequence similarity to hypoxia-inducible factor 1alpha
regulates the VEGF expression and is potentially involved
in lung and vascular development. Proc Natl Acad Sci USA
94: 4273–4278, 1997.

49. Endres M, Namura S, Shimizu-Sasamata M, Waeber C,
Zhang L, Gomez-Isla T, Hyman BT, and Moskowitz MA.
Attenuation of delayed neuronal death after mild focal is-
chemia in mice by inhibition of the caspase family. J Cereb
Blood Flow Metab 18: 238–247, 1998.

50. Englander EW, Greeley GH, Jr., Wang G, Perez-Polo JR, and
Lee HM. Hypoxia-induced mitochondrial and nuclear DNA
damage in the rat brain. J Neurosci Res 58: 262–269, 1999.

51. Epstein AC, Gleadle JM, McNeill LA, Hewitson KS,
O’Rourke J, Mole DR, Mukherji M, Metzen E, Wilson MI,
Dhanda A, Tian YM, Masson N, Hamilton DL, Jaakkola
P, Barstead R, Hodgkin J, Maxwell PH, Pugh CW, Schofield
CJ, and Ratcliffe PJ. C. elegans EGL-9 and mammalian ho-
mologs define a family of dioxygenases that regulate HIF
by prolyl hydroxylation. Cell 107: 43–54, 2001.

52. Esteban MA, Tran MG, Harten SK, Hill P, Castellanos MC,
Chandra A, Raval R, O’Brien TS, and Maxwell PH. Reg-
ulation of E-cadherin expression by VHL and hypoxia-
inducible factor. Cancer Res 66: 3567–3575, 2006.

53. Evans AJ, Russell RC, Roche O, Burry TN, Fish JE, Chow
VW, Kim WY, Saravanan A, Maynard MA, Gervais ML,
Sufan RI, Roberts AM, Wilson LA, Betten M, Vandewalle
C, Berx G, Marsden PA, Irwin MS, Teh BT, Jewett MA, and
Ohh M. VHL promotes E2 box-dependent E-cadherin
transcription by HIF-mediated regulation of SIP1 and snail.
Mol Cell Biol 27: 157–169, 2007.

54. Feldman GJ, Mullin JM, and Ryan MP. Occludin: Structure,
function and regulation. Adv Drug Deliv Rev 57: 883–917, 2005.

55. Forsythe JA, Jiang BH, Iyer NV, Agani F, Leung SW, Koos
RD, and Semenza GL. Activation of vascular endothelial
growth factor gene transcription by hypoxia-inducible
factor 1. Mol Cell Biol 16: 10, 1996.

56. Foulkes MA, Wolf PA, Price TR, Mohr JP, and Hier DB. The
Stroke Data Bank: Design, methods, and baseline charac-
teristics. Stroke 19: 547–554, 1988.

57. Franke CL, Palm R, Dalby M, Schoonderwaldt HC, Hant-
son L, Eriksson B, Lang–Jenssen L, and Smakman J.
Flunarizine in stroke treatment (FIST): A double-blind,
placebo-controlled trial in Scandinavia and the Nether-
lands. Acta Neurol Scand 93: 56–60, 1996.

58. Fu Y, Sun JL, Ma JF, Geng X, Sun J, Liu JR, Song YJ, and
Chen SD. The neuroprotection of prodromal transient
ischaemic attack on cerebral infarction. Eur J Neurol 15:
797–801, 2008.

59. Fukuda R, Zhang H, Kim JW, Shimoda L, Dang CV, and
Semenza GL. HIF-1 regulates cytochrome oxidase subunits
to optimize efficiency of respiration in hypoxic cells. Cell
129: 111–122, 2007.

60. Furuse M, Hirase T, Itoh M, Nagafuchi A, Yonemura S, and
Tsukita S. Occludin: A novel integral membrane protein
localizing at tight junctions. J Cell Biol 123: 1777–1788, 1993.

472 HARTEN ET AL.



61. Furuse M and Tsukita S. Claudins in occluding junctions of
humans and flies. Trends Cell Biol 16: 8, 2006.

62. Gage AT and Stanton PK. Hypoxia triggers neuroprotec-
tive alterations in hippocampal gene expression via a
heme-containing sensor. Brain Res 719: 172–178, 1996.

63. Gale DP, Harten SK, Reid CD, Tuddenham EG, and Max-
well PH. Autosomal dominant erythrocytosis and pulmo-
nary arterial hypertension associated with an activating
HIF2 alpha mutation. Blood 112: 919–921, 2008.

64. Geddes JW, Pettigrew LC, Holtz ML, Craddock SD, and
Maines MD. Permanent focal and transient global cerebral
ischemia increase glial and neuronal expression of heme
oxygenase-1, but not heme oxygenase-2, protein in rat
brain. Neurosci Lett 210: 205–208, 1996.

65. Gee CE, Benquet P, Raineteau O, Rietschin L, Kirbach SW,
and Gerber U. NMDA receptors and the differential is-
chemic vulnerability of hippocampal neurons. Eur J Neu-
rosci 23: 2595–2603, 2006.

66. Gerald D, Berra E, Frapart YM, Chan DA, Giaccia AJ,
Mansuy D, Pouyssegur J, Yaniv M, and Mechta-Grigoriou
F. JunD reduces tumor angiogenesis by protecting cells
from oxidative stress. Cell 118: 781–794, 2004.

67. Gerken T, Girard CA, Tung YC, Webby CJ, Saudek V,
Hewitson KS, Yeo GS, McDonough MA, Cunliffe S,
McNeill LA, Galvanovskis J, Rorsman P, Robins P, Prieur
X, Coll AP, Ma M, Jovanovic Z, Farooqi IS, Sedgwick B,
Barroso I, Lindahl T, Ponting CP, Ashcroft FM, O’Rahilly S,
and Schofield CJ. The obesity-associated FTO gene encodes
a 2-oxoglutarate-dependent nucleic acid demethylase. Sci-
ence 318: 1469–1472, 2007.

68. Ghezzi P and Brines M. Erythropoietin as an antiapoptotic,
tissue-protective cytokine. Cell Death Differ 11 Suppl 1: S37–
44, 2004.

69. Gidday JM. Cerebral preconditioning and ischaemic toler-
ance. Nat Rev Neurosci 7: 437–448, 2006.

70. Gidday JM, Fitzgibbons JC, Shah AR, and Park TS. Neu-
roprotection from ischemic brain injury by hypoxic pre-
conditioning in the neonatal rat. Neurosci Lett 168: 221–224,
1994.

71. Glazier SS, O’Rourke DM, Graham DI, and Welsh FA. In-
duction of ischemic tolerance following brief focal ischemia
in rat brain. J Cereb Blood Flow Metab 14: 545–553, 1994.

72. Goldberg Me. 2009. Stroke Trials Registry Internet Stroke
Center web site. www.strokecenter.org=trials=.

73. Goldstein LB, Adams R, Becker K, Furberg CD, Gorelick
PB, Hademenos G, Hill M, Howard G, Howard VJ, Jacobs
B, Levine SR, Mosca L, Sacco RL, Sherman DG, Wolf PA,
and del Zoppo GJ. Primary prevention of ischemic stroke:
A statement for healthcare professionals from the Stroke
Council of the American Heart Association. Stroke 32: 280–
299, 2001.

74. Gorio A, Gokmen N, Erbayraktar S, Yilmaz O, Madaschi L,
Cichetti C, Di Giulio AM, Vardar E, Cerami A, and Brines
M. Recombinant human erythropoietin counteracts sec-
ondary injury and markedly enhances neurological recov-
ery from experimental spinal cord trauma. Proc Natl Acad
Sci USA 99: 9450–9455, 2002.

75. Grabmaier K, de Weijert MC AdW, Verhaegh GW,
Schalken JA, and Oosterwijk E. Strict regulation of
CAIX(G250=MN) by HIF-1alpha in clear cell renal cell
carcinoma. Oncogene 23: 5624–5631, 2004.

76. Gravanis I and Tsirka SE. Tissue-type plasminogen acti-
vator as a therapeutic target in stroke. Expert Opin Ther
Targets 12: 159–170, 2008.

77. Greene JG and Greenamyre JT. Bioenergetics and gluta-
mate excitotoxicity. Prog Neurobiol 48: 613–634, 1996.

78. Gu YZ, Moran SM, Hogenesch JB, Wartman L, and Brad-
field CA. Molecular characterization and chromosomal lo-
calization of a third alpha-class hypoxia inducible factor
subunit, HIF3alpha. Gene Expr 7: 205–213, 1998.

79. Guerra-Crespo M, Gleason D, Sistos A, Toosky T, Solaroglu
I, Zhang JH, Bryant PJ, and Fallon JH. Transforming
growth factor-alpha induces neurogenesis and behavioral
improvement in a chronic stroke model. Neuroscience 160:
470–483, 2009.

80. Gunaratnam L, Morley M, Franovic A, de Paulsen N, Me-
khail K, Parolin DA, Nakamura E, Lorimer IA, and Lee S.
Hypoxia inducible factor activates the transforming growth
factor-alpha=epidermal growth factor receptor growth stim-
ulatory pathway in VHL(�=�) renal cell carcinoma cells.
J Biol Chem 278: 44966–44974, 2003.

81. Guzy RD, Hoyos B, Robin E, Chen H, Liu L, Mansfield KD,
Simon MC, Hammerling U, and Schumacker PT. Mi-
tochondrial complex III is required for hypoxia-induced
ROS production and cellular oxygen sensing. Cell Metab 1:
401–408, 2005.

82. Guzy RD and Schumacker PT. Oxygen sensing by mito-
chondria at complex III: The paradox of increased reactive
oxygen species during hypoxia. Exp Physiol 91: 807–819,
2006.

83. Haley EC, Jr. High-dose tirilazad for acute stroke (RANT-
TAS II). RANTTAS II Investigators. Stroke 29: 1256–1257,
1998.

84. Han ZB, Ren H, Zhao H, Chi Y, Chen K, Zhou B, Liu YJ,
Zhang L, Xu B, Liu B, Yang R, and Han ZC. Hypoxia-
inducible factor (HIF)-1 alpha directly enhances the tran-
scriptional activity of stem cell factor (SCF) in response to
hypoxia and epidermal growth factor (EGF). Carcinogenesis
29: 1853–1861, 2008.

85. Hansen AJ. Effect of anoxia on ion distribution in the brain.
Physiol Rev 65: 101–148, 1985.

86. Hansen TM, Moss AJ, and Brindle NP. Vascular endothelial
growth factor and angiopoietins in neurovascular regen-
eration and protection following stroke. Curr Neurovasc Res
5: 236–245, 2008.

87. Harten SK, Esteban MA, and Maxwell PH. Identification of
novel VHL regulated genes by transcriptomic analysis of
RCC10 renal carcinoma cells. Adv Enzyme Regul 49: 43–52,
2009.

88. Harten SK, Shukla D, Barod R, Hergovich A, Balda MS,
Matter K, Esteban MA, and Maxwell PH. Regulation of
renal epithelial tight junctions by the von Hippel–Lindau
tumor suppressor gene involves occludin and claudin 1
and is independent of E-cadherin. Mol Biol Cell 20: 1089–
1101, 2009.

89. Hawkins BT and Davis TP. The blood-brain barrier=
neurovascular unit in health and disease. Pharmacol Rev 57:
173–185, 2005.

90. Hayashi T, Abe K, Suzuki H, and Itoyama Y. Rapid in-
duction of vascular endothelial growth factor gene ex-
pression after transient middle cerebral artery occlusion in
rats. Stroke 28: 2039–2044, 1997.

91. Heiss WD. Ischemic penumbra: Evidence from functional
imaging in man. J Cereb Blood Flow Metab 20: 1276–1293,
2000.

92. Helton R, Cui J, Scheel JR, Ellison JA, Ames C, Gibson C,
Blouw B, Ouyang L, Dragatsis I, Zeitlin S, Johnson RS,
Lipton SA, and Barlow C. Brain-specific knock-out of

PROLYL HYDROXYLASE DOMAIN INHIBITORS 473



hypoxia-inducible factor-1alpha reduces rather than in-
creases hypoxic-ischemic damage. J Neurosci 25: 4099–4107,
2005.

93. Hewitson KS, McNeill LA, Elkins JM, and Schofield CJ. The
role of iron and 2-oxoglutarate oxygenases in signalling.
Biochem Soc Trans 31: 510–515, 2003.

94. Hill P, Shukla D, Tran MG, Aragones J, Cook HT, Carme-
liet P, and Maxwell PH. Inhibition of hypoxia inducible
factor hydroxylases protects against renal ischemia-
reperfusion injury. J Am Soc Nephrol 19: 39–46, 2008.

95. Hill WD, Hess DC, Martin–Studdard A, Carothers JJ,
Zheng J, Hale D, Maeda M, Fagan SC, Carroll JE, and
Conway SJ. SDF-1 (CXCL12) is upregulated in the ischemic
penumbra following stroke: Association with bone marrow
cell homing to injury. J Neuropathol Exp Neurol 63: 84–96,
2004.

96. Hopfer U, Hopfer H, Jablonski K, Stahl RA, and Wolf G.
The novel WD-repeat protein Morg1 acts as a molecular
scaffold for hypoxia-inducible factor prolyl hydroxylase 3
(PHD3). J Biol Chem 281: 8645–8655, 2006.

97. Horn J, de Haan RJ, Vermeulen M, and Limburg M. Very
Early Nimodipine Use in Stroke (VENUS): A randomized,
double-blind, placebo-controlled trial. Stroke 32: 461–465,
2001.

98. Hu X, Yu SP, Fraser JL, Lu Z, Ogle ME, Wang JA, and Wei
L. Transplantation of hypoxia-preconditioned mesenchy-
mal stem cells improves infarcted heart function via en-
hanced survival of implanted cells and angiogenesis.
J Thorac Cardiovasc Surg 135: 799–808, 2008.

99. Huang J, Upadhyay UM, and Tamargo RJ. Inflammation in
stroke and focal cerebral ischemia. Surg Neurol 66: 232–245,
2006.

100. Iihara K, Hashimoto N, Tsukahara T, Sakata M, Yanamoto
H, and Taniguchi T. Platelet-derived growth factor-BB, but
not -AA, prevents delayed neuronal death after forebrain
ischemia in rats. J Cereb Blood Flow Metab 17: 1097–1106,
1997.

101. Iyer NV, Kotch LE, Agani F, Leung SW, Laughner E,
Wenger RH, Gassmann M, Gearhart JD, Lawler AM, Yu
AY, and Semenza GL. Cellular and developmental control
of O2 homeostasis by hypoxia-inducible factor 1 alpha.
Genes Dev 12: 149–162, 1998.

102. Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J,
Gaskell SJ, Kriegsheim A, Hebestreit HF, Mukherji M,
Schofield CJ, Maxwell PH, Pugh CW, and Ratcliffe PJ.
Targeting of HIF-alpha to the von Hippel–Lindau ubiqui-
tylation complex by O2-regulated prolyl hydroxylation.
Science 292: 468–472, 2001.

103. Jancso G, Cserepes B, Gasz B, Benko L, Ferencz A, Bor-
siczky B, Lantos J, Dureja A, Kiss K, Szeberenyi J, and Roth
E. Effect of acetylsalicylic acid on nuclear factor-kappaB
activation and on late preconditioning against infarction in
the myocardium. J Cardiovasc Pharmacol 46: 295–301, 2005.

104. Jin K, Mao XO, Batteur SP, McEachron E, Leahy A, and
Greenberg DA. Caspase-3 and the regulation of hypoxic
neuronal death by vascular endothelial growth factor.
Neuroscience 108: 351–358, 2001.

105. Jin K, Mao XO, Sun Y, Xie L, and Greenberg DA. Stem cell
factor stimulates neurogenesis in vitro and in vivo. J Clin
Invest 110: 311–319, 2002.

106. Jin K, Zhu Y, Sun Y, Mao XO, Xie L, and Greenberg DA.
Vascular endothelial growth factor (VEGF) stimulates
neurogenesis in vitro and in vivo. Proc Natl Acad Sci USA 99:
11946–11950, 2002.

107. Jin KL, Mao XO, and Greenberg DA. Vascular endothelial
growth factor: Direct neuroprotective effect in in vitro is-
chemia. Proc Natl Acad Sci USA 97: 10242–10247, 2000.

108. Jones NM and Bergeron M. Hypoxic preconditioning in-
duces changes in HIF-1 target genes in neonatal rat brain.
J Cereb Blood Flow Metab 21: 1105–1114, 2001.

109. Jones NM, Kardashyan L, Callaway JK, Lee EM, and Beart
PM. Long-term functional and protective actions of pre-
conditioning with hypoxia, cobalt chloride, and desfer-
rioxamine against hypoxic-ischemic injury in neonatal rats.
Pediatr Res 63: 620–624, 2008.

110. Joo JD, Kim M, D’Agati VD, and Lee HT. Ischemic pre-
conditioning provides both acute and delayed protection
against renal ischemia and reperfusion injury in mice. J Am
Soc Nephrol 17: 3115–3123, 2006.

111. Juul S. Erythropoietin in the central nervous system, and its
use to prevent hypoxic-ischemic brain damage. Acta Pae-
diatr Suppl 91: 36–42, 2002.

112. Juul SE, Anderson DK, Li Y, and Christensen RD. Ery-
thropoietin and erythropoietin receptor in the developing
human central nervous system. Pediatr Res 43: 40–49, 1998.

113. Kago T, Takagi N, Date I, Takenaga Y, Takagi K, and Takeo
S. Cerebral ischemia enhances tyrosine phosphorylation of
occludin in brain capillaries. Biochem Biophys Res Commun
339: 1197–1203, 2006.

114. Kaminogo M, Suyama K, Ichikura A, Onizuka M, and
Shibata S. Anoxic depolarization determines ischemic brain
injury. Neurol Res 20: 343–348, 1998.

115. Kapinya KJ, Prass K, and Dirnagl U. Isoflurane induced
prolonged protection against cerebral ischemia in mice: A
redox sensitive mechanism? Neuroreport 13: 1431–1435,
2002.

116. Kaufmann AM, Firlik AD, Fukui MB, Wechsler LR, Jung-
ries CA, and Yonas H. Ischemic core and penumbra in
human stroke. Stroke 30: 93–99, 1999.

117. Kaur C and Ling EA. Blood brain barrier in hypoxic-
ischemic conditions. Curr Neurovasc Res 5: 71–81, 2008.

118. Kenneth NS and Rocha S. Regulation of gene expression by
hypoxia. Biochem J 414: 19–29, 2008.

119. Kibel A, Iliopoulos O, DeCaprio JA, and Kaelin WG, Jr.
Binding of the von Hippel–Lindau tumor suppressor pro-
tein to Elongin B and C. Science 269: 1444–1446, 1995.

120. Kietzmann T and Gorlach A. Reactive oxygen species in the
control of hypoxia-inducible factor-mediated gene expres-
sion. Semin Cell Dev Biol 16: 474–486, 2005.

121. Kim JW, Tchernyshyov I, Semenza GL, and Dang CV. HIF-
1-mediated expression of pyruvate dehydrogenase kinase:
A metabolic switch required for cellular adaptation to
hypoxia. Cell Metab 3: 177–185, 2006.

122. Kirino T. Delayed neuronal death in the gerbil hippocam-
pus following ischemia. Brain Res 239: 57–69, 1982.

123. Kirino T and Sano K. Selective vulnerability in the gerbil
hippocampus following transient ischemia. Acta Neuro-
pathol 62: 201–208, 1984.

124. Kishida T, Stackhouse TM, Chen F, Lerman MI, and Zbar B.
Cellular proteins that bind the von Hippel–Lindau disease
gene product: Mapping of binding domains and the effect
of missense mutations. Cancer Res 55: 4544–4548, 1995.

125. Kitagawa K, Matsumoto M, Tagaya M, Hata R, Ueda H,
Niinobe M, Handa N, Fukunaga R, Kimura K, Mikoshiba
K, et al. ‘Ischemic tolerance’ phenomenon found in the
brain. Brain Res 528: 21–24, 1990.

126. Koditz J, Nesper J, Wottawa M, Stiehl DP, Camenisch G,
Franke C, Myllyharju J, Wenger RH, and Katschinski DM.

474 HARTEN ET AL.



Oxygen-dependent ATF-4 stability is mediated by the
PHD3 oxygen sensor. Blood 110: 3610–3617, 2007.

127. Kondo T, Reaume AG, Huang TT, Carlson E, Murakami K,
Chen SF, Hoffman EK, Scott RW, Epstein CJ, and Chan PH.
Reduction of CuZn-superoxide dismutase activity exacer-
bates neuronal cell injury and edema formation after tran-
sient focal cerebral ischemia. J Neurosci 17: 4180–4189, 1997.

128. Kondoh M and Yagi K. Tight junction modulators: Pro-
mising candidates for drug delivery. Curr Med Chem 14:
2482–2488, 2007.

129. Koto T, Takubo K, Ishida S, Shinoda H, Inoue M, Tsubota
K, Okada Y, and Ikeda E. Hypoxia disrupts the barrier
function of neural blood vessels through changes in the
expression of claudin-5 in endothelial cells. Am J Pathol 170:
1389–1397, 2007.

130. Kreutzberg GW. Microglia: A sensor for pathological
events in the CNS. Trends Neurosci 19: 312–318, 1996.

131. Krishnamachary B, Zagzag D, Nagasawa H, Rainey K,
Okuyama H, Baek JH, and Semenza GL. Hypoxia-inducible
factor-1-dependent repression of E-cadherin in von Hippel–
Lindau tumor suppressor-null renal cell carcinoma
mediated by TCF3, ZFHX1A, and ZFHX1B. Cancer Res 66:
2725–2731, 2006.

132. Kumral A, Genc S, Ozer E, Yilmaz O, Gokmen N, Koroglu
TF, Duman N, Genc K, and Ozkan H. Erythropoietin
downregulates bax and DP5 proapoptotic gene expression
in neonatal hypoxic-ischemic brain injury. Biol Neonate 89:
205–210, 2006.

133. Kung HC, Hoyert DL, Xu J, and Murphy SL. Deaths: Final
data for 2005. Natl Vital Stat Rep 56: 1–120, 2008.

134. Kusumoto M, Dux E, and Hossmann KA. Effect of trophic
factors on delayed neuronal death induced by in vitro is-
chemia in cultivated hippocampal and cortical neurons.
Metab Brain Dis 12: 113–120, 1997.

135. Ladroue C, Carcenac R, Leporrier M, Gad S, Le Hello C,
Galateau–Salle F, Feunteun J, Pouyssegur J, Richard S, and
Gardie B. PHD2 mutation and congenital erythrocytosis
with paraganglioma. N Engl J Med 359: 2685–2692, 2008.

136. Lakkisto P, Csonka C, Fodor G, Bencsik P, Voipio-Pulkki
LM, Ferdinandy P, and Pulkki K. The heme oxygenase in-
ducer hemin protects against cardiac dysfunction and ven-
tricular fibrillation in ischaemic=reperfused rat hearts: Role
of connexin 43. Scand J Clin Lab Invest 69: 209–218, 2009.

137. Lando D, Peet DJ, Whelan DA, Gorman JJ, and Whitelaw
ML. Asparagine hydroxylation of the HIF transactivation
domain a hypoxic switch. Science 295: 858–861, 2002.

138. Lasley RD, Anderson GM, and Mentzer RM, Jr. Ischaemic
and hypoxic preconditioning enhance postischaemic re-
covery of function in the rat heart. Cardiovasc Res 27: 565–
570, 1993.

139. Laudenbach V, Fontaine RH, Medja F, Carmeliet P, Hicklin
DJ, Gallego J, Leroux P, Marret S, and Gressens P. Neonatal
hypoxic preconditioning involves vascular endothelial
growth factor. Neurobiol Dis 26: 243–252, 2007.

140. Lee HT, Chang YC, Tu YF, and Huang CC. VEGF-A=
VEGFR-2 signaling leading to cAMP response element-
binding protein phosphorylation is a shared pathway un-
derlying the protective effect of preconditioning on neurons
and endothelial cells. J Neurosci 29: 4356–4368, 2009.

141. Lee SH, Kim YJ, Lee KM, Ryu S, and Yoon BW. Ischemic
preconditioning enhances neurogenesis in the sub-
ventricular zone. Neuroscience 146: 1020–1031, 2007.

142. Leist M, Ghezzi P, Grasso G, Bianchi R, Villa P, Fratelli M,
Savino C, Bianchi M, Nielsen J, Gerwien J, Kallunki P,

Larsen AK, Helboe L, Christensen S, Pedersen LO, Nielsen
M, Torup L, Sager T, Sfacteria A, Erbayraktar S, Erbayr-
aktar Z, Gokmen N, Yilmaz O, Cerami-Hand C, Xie QW,
Coleman T, Cerami A, and Brines M. Derivatives of
erythropoietin that are tissue protective but not erythro-
poietic. Science 305: 239–242, 2004.

143. Li F, Wang Y, Zeller KI, Potter JJ, Wonsey DR, O’Donnell
KA, Kim JW, Yustein JT, Lee LA, and Dang CV. Myc
stimulates nuclearly encoded mitochondrial genes and
mitochondrial biogenesis. Mol Cell Biol 25: 6225–6234, 2005.

144. Li QF, Zhu YS, and Jiang H. Isoflurane preconditioning
activates HIF-1alpha, iNOS and Erk1=2 and protects
against oxygen-glucose deprivation neuronal injury. Brain
Res 1245: 26–35, 2008.

145. Li Y, Lu Z, Keogh CL, Yu SP, and Wei L. Erythropoietin-
induced neurovascular protection, angiogenesis, and cere-
bral blood flow restoration after focal ischemia in mice.
J Cereb Blood Flow Metab 27: 1043–1054, 2007.

146. Li YX, Ding SJ, Xiao L, Guo W, and Zhan Q. Desferox-
amine preconditioning protects against cerebral ischemia
in rats by inducing expressions of hypoxia inducible fac-
tor 1 alpha and erythropoietin. Neurosci Bull 24: 89–95,
2008.

147. Lin CH, Chen PS, and Gean PW. Glutamate precondition-
ing prevents neuronal death induced by combined oxygen-
glucose deprivation in cultured cortical neurons. Eur
J Pharmacol 589: 85–93, 2008.

148. Lipton P. Ischemic cell death in brain neurons. Physiol Rev
79: 1431–1568, 1999.

149. Luo Y, Ma D, Ieong E, Sanders RD, Yu B, Hossain M, and
Maze M. Xenon and sevoflurane protect against brain in-
jury in a neonatal asphyxia model. Anesthesiology 109: 782–
789, 2008.

150. Ma D, Lim T, Xu J, Tang H, Wan Y, Zhao H, Hossain M,
Maxwell PH, and Maze M. Xenon preconditioning protects
against renal ischemic-reperfusion injury via HIF-1{alpha}
activation. J Am Soc Nephrol 20: 713–320, 2009.

151. Ma Q, Jones D, Borghesani PR, Segal RA, Nagasawa T,
Kishimoto T, Bronson RT, and Springer TA. Impaired
B-lymphopoiesis, myelopoiesis, and derailed cerebellar
neuron migration in CXCR4- and SDF-1-deficient mice.
Proc Natl Acad Sci USA 95: 9448–9453, 1998.

152. Ma YP, Ma MM, Cheng SM, Ma HH, Yi XM, Xu GL, and
Liu XF. Intranasal bFGF-induced progenitor cell prolifera-
tion and neuroprotection after transient focal cerebral is-
chemia. Neurosci Lett 437: 93–97, 2008.

153. Mahon PC, Hirota K, and Semenza GL. FIH-1: A novel
protein that interacts with HIF-1alpha and VHL to mediate
repression of HIF-1 transcriptional activity. Genes Dev 15:
2675–2686, 2001.

154. Makino Y, Cao R, Svensson K, Bertilsson G, Asman M,
Tanaka H, Cao Y, Berkenstam A, and Poellinger L. In-
hibitory PAS domain protein is a negative regulator of
hypoxia-inducible gene expression. Nature 414: 550–554,
2001.

155. Malhotra S, Savitz SI, Ocava L, and Rosenbaum DM. Is-
chemic preconditioning is mediated by erythropoietin
through PI-3 kinase signaling in an animal model of tran-
sient ischemic attack. J Neurosci Res 83: 19–27, 2006.

156. Mansfield KD, Guzy RD, Pan Y, Young RM, Cash TP,
Schumacker PT, and Simon MC. Mitochondrial dysfunc-
tion resulting from loss of cytochrome c impairs cellular
oxygen sensing and hypoxic HIF-alpha activation. Cell
Metab 1: 393–399, 2005.

PROLYL HYDROXYLASE DOMAIN INHIBITORS 475



157. Mark KS and Davis TP. Cerebral microvascular changes in
permeability and tight junctions induced by hypoxia-
reoxygenation. Am J Physiol Heart Circ Physiol 282: H1485–
1494, 2002.

158. Marsden JT. Erythropoietin—Measurement and clinical
applications. Ann Clin Biochem 43: 97–104, 2006.

159. Marti HH, Bernaudin M, Petit E, and Bauer C. Neuropro-
tection and angiogenesis: Dual role of erythropoietin in
brain ischemia. News Physiol Sci 15: 225–229, 2000.

160. Marti HH, Wenger RH, Rivas LA, Straumann U, Digicay-
lioglu M, Henn V, Yonekawa Y, Bauer C, and Gassmann
M. Erythropoietin gene expression in human, monkey and
murine brain. Eur J Neurosci 8: 666–676, 1996.

161. Matchett GA, Allard MW, Martin RD, and Zhang JH.
Neuroprotective effect of volatile anesthetic agents: Mole-
cular mechanisms. Neurol Res 31: 128–134, 2009.

162. Matsushita H, Johnston MV, Lange MS, and Wilson MA.
Protective effect of erythropoietin in neonatal hypoxic is-
chemia in mice. Neuroreport 14: 1757–1761, 2003.

163. Mattson MP, Goodman Y, Luo H, Fu W, and Furukawa K.
Activation of NF-kappaB protects hippocampal neurons
against oxidative stress-induced apoptosis: Evidence for
induction of manganese superoxide dismutase and sup-
pression of peroxynitrite production and protein tyrosine
nitration. J Neurosci Res 49: 681–697, 1997.

164. Maulik N, Sato M, Price BD, and Das DK. An essential role
of NFkappaB in tyrosine kinase signaling of p38 MAP ki-
nase regulation of myocardial adaptation to ischemia. FEBS
Lett 429: 365–369, 1998.

165. Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux
EC, Cockman ME, Wykoff CC, Pugh CW, Maher ER, and
Ratcliffe PJ. The tumour suppressor protein VHL targets
hypoxia-inducible factors for oxygen-dependent prote-
olysis. Nature 399: 271–275, 1999.

166. McLaughlin B, Hartnett KA, Erhardt JA, Legos JJ, White
RF, Barone FC, and Aizenman E. Caspase 3 activation is
essential for neuroprotection in preconditioning. Proc Natl
Acad Sci USA 100: 715–720, 2003.

167. Miller BA, Perez RS, Shah AR, Gonzales ER, Park TS, and
Gidday JM. Cerebral protection by hypoxic precondition-
ing in a murine model of focal ischemia-reperfusion. Neu-
roreport 12: 1663–1669, 2001.

168. Milosevic J, Adler I, Manaenko A, Schwarz SC, Walk-
inshaw G, Arend M, Flippin LA, Storch A, and Schwarz J.
Nonhypoxic stabilization of hypoxia-inducible factor alpha
(HIF-alpha): Relevance in neural progenitor=stem cells.
Neurotox Res 15: 367–380, 2009.

169. Misgeld U and Frotscher M. Dependence of the viability of
neurons in hippocampal slices on oxygen supply. Brain Res
Bull 8: 95–100, 1982.

170. Mitic LL and Anderson JM. Molecular architecture of tight
junctions. Annu Rev Physiol 60: 121–142, 1998.

171. Miyashita K, Itoh H, Arai H, Suganami T, Sawada N, Fu-
kunaga Y, Sone M, Yamahara K, Yurugi-Kobayashi T, Park
K, Oyamada N, Taura D, Tsujimoto H, Chao TH, Tamura
N, Mukoyama M, and Nakao K. The neuroprotective and
vasculo-neuro-regenerative roles of adrenomedullin in is-
chemic brain and its therapeutic potential. Endocrinology
147: 1642–1653, 2006.

172. Morishita E, Masuda S, Nagao M, Yasuda Y, and Sasaki R.
Erythropoietin receptor is expressed in rat hippocampal
and cerebral cortical neurons, and erythropoietin prevents
in vitro glutamate-induced neuronal death. Neuroscience 76:
105–116, 1997.

173. Morrison SJ, Csete M, Groves AK, Melega W, Wold B, and
Anderson DJ. Culture in reduced levels of oxygen pro-
motes clonogenic sympathoadrenal differentiation by iso-
lated neural crest stem cells. J Neurosci 20: 7370–7376, 2000.

174. Muller-Ehmsen J, Schmidt A, Krausgrill B, Schwinger RH,
and Bloch W. Role of erythropoietin for angiogenesis and
vasculogenesis: From embryonic development through
adulthood. Am J Physiol Heart Circ Physiol 290: H331–340,
2006.

175. Murakami K, Kondo T, Kawase M, Li Y, Sato S, Chen SF,
and Chan PH. Mitochondrial susceptibility to oxidative
stress exacerbates cerebral infarction that follows per-
manent focal cerebral ischemia in mutant mice with
manganese superoxide dismutase deficiency. J Neurosci 18:
205–213, 1998.

176. Nakatomi H, Kuriu T, Okabe S, Yamamoto S, Hatano O,
Kawahara N, Tamura A, Kirino T, and Nakafuku M. Re-
generation of hippocampal pyramidal neurons after ische-
mic brain injury by recruitment of endogenous neural
progenitors. Cell 110: 429–441, 2002.

177. Naylor M, Bowen KK, Sailor KA, Dempsey RJ, and Ve-
muganti R. Preconditioning-induced ischemic tolerance
stimulates growth factor expression and neurogenesis in
adult rat hippocampus. Neurochem Int 47: 565–572, 2005.

178. Nitatori T, Sato N, Waguri S, Karasawa Y, Araki H, Shi-
banai K, Kominami E, and Uchiyama Y. Delayed neuronal
death in the CA1 pyramidal cell layer of the gerbil hippo-
campus following transient ischemia is apoptosis. J Neu-
rosci 15: 1001–1011, 1995.

179. Nitta T, Hata M, Gotoh S, Seo Y, Sasaki H, Hashimoto N,
Furuse M, and Tsukita S. Size-selective loosening of the
blood-brain barrier in claudin-5-deficient mice. J Cell Biol
161: 653–660, 2003.

180. O’Duffy AE, Bordelon YM, and McLaughlin B. Killer pro-
teases and little strokes—How the things that do not kill
you make you stronger. J Cereb Blood Flow Metab 27: 655–
668, 2007.

181. Ohtsuki S, Sato S, Yamaguchi H, Kamoi M, Asashima T,
and Terasaki T. Exogenous expression of claudin-5 induces
barrier properties in cultured rat brain capillary endothelial
cells. J Cell Physiol 210: 81–86, 2007.

182. Ohtsuki T, Matsumoto M, Kuwabara K, Kitagawa K, Su-
zuki K, Taniguchi N, and Kamada T. Influence of oxidative
stress on induced tolerance to ischemia in gerbil hippo-
campal neurons. Brain Res 599: 246–252, 1992.

183. Ohtsuki T, Ruetzler CA, Tasaki K, and Hallenbeck JM.
Interleukin-1 mediates induction of tolerance to global is-
chemia in gerbil hippocampal CA1 neurons. J Cereb Blood
Flow Metab 16: 1137–1142, 1996.

184. Okuda T, Tagawa K, Qi ML, Hoshio M, Ueda H, Kawano H,
Kanazawa I, Muramatsu M, and Okazawa H. Oct-3=4 re-
pression accelerates differentiation of neural progenitor cells
in vitro and in vivo. Brain Res Mol Brain Res 132: 18–30, 2004.

185. Ozer A, Wu LC, and Bruick RK. The candidate tumor sup-
pressor ING4 represses activation of the hypoxia inducible
factor (HIF). Proc Natl Acad Sci USA 102: 7481–7486, 2005.

186. Panahian N, Yoshiura M, and Maines MD. Overexpression
of heme oxygenase-1 is neuroprotective in a model of
permanent middle cerebral artery occlusion in transgenic
mice. J Neurochem 72: 1187–1203, 1999.

187. Papandreou I, Cairns RA, Fontana L, Lim AL, and Denko
NC. HIF-1 mediates adaptation to hypoxia by actively
downregulating mitochondrial oxygen consumption. Cell
Metab 3: 187–197, 2006.

476 HARTEN ET AL.



188. Parks DA and Granger DN. Xanthine oxidase: Biochem-
istry, distribution and physiology. Acta Physiol Scand Suppl
548: 87–99, 1986.

189. Percy MJ, Furlow PW, Lucas GS, Li X, Lappin TR,
McMullin MF, and Lee FS. A gain-of-function mutation in
the HIF2A gene in familial erythrocytosis. N Engl J Med 358:
162–168, 2008.

190. Percy MJ, Zhao Q, Flores A, Harrison C, Lappin TR,
Maxwell PH, McMullin MF, and Lee FS. A family with
erythrocytosis establishes a role for prolyl hydroxylase
domain protein 2 in oxygen homeostasis. Proc Natl Acad Sci
USA 103: 654–659, 2006.

191. Petito CK, Feldmann E, Pulsinelli WA, and Plum F. De-
layed hippocampal damage in humans following cardio-
respiratory arrest. Neurology 37: 1281–1286, 1987.

192. Petty MA and Lo EH. Junctional complexes of the blood-
brain barrier: Permeability changes in neuroinflammation.
Prog Neurobiol 68: 311–323, 2002.

193. Piantadosi CA and Zhang J. Mitochondrial generation of
reactive oxygen species after brain ischemia in the rat.
Stroke 27: 327–331; discussion 332, 1996.

194. Plate KH, Beck H, Danner S, Allegrini PR, and Wiessner C.
Cell type specific upregulation of vascular endothelial
growth factor in an MCA-occlusion model of cerebral in-
farct. J Neuropathol Exp Neurol 58: 654–666, 1999.

195. Prass K, Ruscher K, Karsch M, Isaev N, Megow D, Priller J,
Scharff A, Dirnagl U, and Meisel A. Desferrioxamine
induces delayed tolerance against cerebral ischemia in vivo
and in vitro. J Cereb Blood Flow Metab 22: 520–525, 2002.

196. Prass K, Scharff A, Ruscher K, Lowl D, Muselmann C,
Victorov I, Kapinya K, Dirnagl U, and Meisel A. Hypoxia-
induced stroke tolerance in the mouse is mediated by
erythropoietin. Stroke 34: 1981–1986, 2003.

197. Pulsinelli WA, Brierley JB, and Plum F. Temporal profile of
neuronal damage in a model of transient forebrain ische-
mia. Ann Neurol 11: 491–498, 1982.

198. Ran R, Xu H, Lu A, Bernaudin M, and Sharp FR.
Hypoxia preconditioning in the brain. Dev Neurosci 27: 87–
92, 2005.

199. Ratan RR, Siddiq A, Aminova L, Langley B, McCo-
noughey S, Karpisheva K, Lee HH, Carmichael T,
Kornblum H, Coppola G, Geschwind DH, Hoke A,
Smirnova N, Rink C, Roy S, Sen C, Beattie MS, Hart RP,
Grumet M, Sun D, Freeman RS, Semenza GL, and
Gazaryan I. Small molecule activation of adaptive gene
expression: Tilorone or its analogs are novel potent acti-
vators of hypoxia inducible factor-1 that provide pro-
phylaxis against stroke and spinal cord injury. Ann NY
Acad Sci 1147: 383–394, 2008.

200. Robinson A, Keely S, Karhausen J, Gerich ME, Furuta GT,
and Colgan SP. Mucosal protection by hypoxia-inducible
factor prolyl hydroxylase inhibition. Gastroenterology 134:
145–155, 2008.

201. Rosenberg GA and Yang Y. Vasogenic edema due to tight
junction disruption by matrix metalloproteinases in cere-
bral ischemia. Neurosurg Focus 22: E4, 2007.

202. Rosenberger C, Rosen S, Shina A, Frei U, Eckardt KU,
Flippin LA, Arend M, Klaus SJ, and Heyman SN. Activa-
tion of hypoxia-inducible factors ameliorates hypoxic distal
tubular injury in the isolated perfused rat kidney. Nephrol
Dial Transplant 23: 3472–3478, 2008.

203. Rothman SM and Olney JW. Glutamate and the patho-
physiology of hypoxic–ischemic brain damage. Ann Neurol
19: 105–111, 1986.

204. Ryan HE, Lo J, and Johnson RS. HIF-1 alpha is required for
solid tumor formation and embryonic vascularization.
EMBO J 17: 3005–3015, 1998.

205. Sakanaka M, Wen TC, Matsuda S, Masuda S, Morishita E,
Nagao M, and Sasaki R. In vivo evidence that erythropoi-
etin protects neurons from ischemic damage. Proc Natl Acad
Sci USA 95: 4635–4640, 1998.

206. Sandoval KE and Witt KA. Blood-brain barrier tight junc-
tion permeability and ischemic stroke. Neurobiol Dis 32:
200–219, 2008.

207. Saver JL, Kidwell C, Eckstein M, and Starkman S. Pre-
hospital neuroprotective therapy for acute stroke: Results
of the Field Administration of Stroke Therapy-Magnesium
(FAST-MAG) pilot trial. Stroke 35: e106–108, 2004.

208. Schaller B. Ischemic preconditioning as induction of is-
chemic tolerance after transient ischemic attacks in human
brain: Its clinical relevance. Neurosci Lett 377: 206–211,
2005.

209. Schiemanck SK, Post MW, Witkamp TD, Kappelle LJ, and
Prevo AJ. Relationship between ischemic lesion volume
and functional status in the 2nd week after middle cere-
bral artery stroke. Neurorehabil Neural Repair 19: 133–138,
2005.

210. Schmidt–Kastner R and Freund TF. Selective vulnerability
of the hippocampus in brain ischemia. Neuroscience 40: 599–
636, 1991.

211. Schneider C, Krischke G, Keller S, Walkinshaw G, Arend
M, Rascher W, Gassmann M, and Trollmann R. Short-term
effects of pharmacologic HIF stabilization on vasoactive
and cytotrophic factors in developing mouse brain. Brain
Res 1280: 43–51, 2009.

212. Schonemeier B, Schulz S, Hoellt V, and Stumm R. En-
hanced expression of the CXCl12=SDF-1 chemokine
receptor CXCR7 after cerebral ischemia in the rat brain.
J Neuroimmunol 198: 39–45, 2008.

213. Semenza GL, Jiang BH, Leung SW, Passantino R, Con-
cordet JP, Maire P, and Giallongo A. Hypoxia response
elements in the aldolase A, enolase 1, and lactate dehy-
drogenase A gene promoters contain essential binding sites
for hypoxia-inducible factor 1. J Biol Chem 271: 32529–
32537, 1996.

214. Semenza GL, Nejfelt MK, Chi SM, and Antonarakis SE.
Hypoxia-inducible nuclear factors bind to an enhancer el-
ement located 30 to the human erythropoietin gene. Proc
Natl Acad Sci USA 88: 5, 1991.

215. Semenza GL and Wang GL. A nuclear factor induced by
hypoxia via de novo protein synthesis binds to the
human erythropoietin gene enhancer at a site required for
transcriptional activation. Mol Cell Biol 12: 5447–5454,
1992.

216. Serrano J, Alonso D, Encinas JM, Lopez JC, Fernandez AP,
Castro-Blanco S, Fernandez-Vizarra P, Richart A, Bentura
ML, Santacana M, Uttenthal LO, Cuttitta F, Rodrigo J, and
Martinez A. Adrenomedullin expression is up-regulated by
ischemia-reperfusion in the cerebral cortex of the adult rat.
Neuroscience 109: 717–731, 2002.

217. Shigeno T, Mima T, Takakura K, Graham DI, Kato G,
Hashimoto Y, and Furukawa S. Amelioration of delayed
neuronal death in the hippocampus by nerve growth fac-
tor. J Neurosci 11: 2914–2919, 1991.

218. Shingo T, Sorokan ST, Shimazaki T, and Weiss S. Ery-
thropoietin regulates the in vitro and in vivo production of
neuronal progenitors by mammalian forebrain neural stem
cells. J Neurosci 21: 9733–9743, 2001.

PROLYL HYDROXYLASE DOMAIN INHIBITORS 477



219. Siddiq A, Ayoub IA, Chavez JC, Aminova L, Shah S, La-
Manna JC, Patton SM, Connor JR, Cherny RA, Volitakis I,
Bush AI, Langsetmo I, Seeley T, Gunzler V, Ratan RR.
Hypoxia-inducible factor prolyl 4-hydroxylase inhibition.
A target for neuroprotection in the central nervous system.
J Biol Chem 280: 41732–41743, 2005.

220. Silva M, Grillot D, Benito A, Richard C, Nunez G, and
Fernandez-Luna JL. Erythropoietin can promote erythroid
progenitor survival by repressing apoptosis through Bcl-XL
and Bcl-2. Blood 88: 1576–1582, 1996.

221. Siren AL, Fratelli M, Brines M, Goemans C, Casagrande S,
Lewczuk P, Keenan S, Gleiter C, Pasquali C, Capobianco A,
Mennini T, Heumann R, Cerami A, Ehrenreich H, and
Ghezzi P. Erythropoietin prevents neuronal apoptosis after
cerebral ischemia and metabolic stress. Proc Natl Acad Sci
USA 98: 4044–4049, 2001.

222. Soares MP, Seldon MP, Gregoire IP, Vassilevskaia T, Ber-
berat PO, Yu J, Tsui TY, and Bach FH. Heme oxygenase-1
modulates the expression of adhesion molecules associated
with endothelial cell activation. J Immunol 172: 3553–3563,
2004.

223. Sorond FA and Ratan RR. Ironing-out mechanisms of
neuronal injury under hypoxic-ischemic conditions and
potential role of iron chelators as neuroprotective agents.
Antioxid Redox Signal 2: 421–436, 2000.

224. Soucek T, Cumming R, Dargusch R, Maher P, and Schubert
D. The regulation of glucose metabolism by HIF-1 mediates
a neuroprotective response to amyloid beta peptide. Neuron
39: 43–56, 2003.

225. Storch A, Paul G, Csete M, Boehm BO, Carvey PM, Kupsch
A, and Schwarz J. Long-term proliferation and dopami-
nergic differentiation of human mesencephalic neural pre-
cursor cells. Exp Neurol 170: 317–325, 2001.

226. Stroka DM, Burkhardt T, Desbaillets I, Wenger RH, Neil
DA, Bauer C, Gassmann M, and Candinas D. HIF-1 is ex-
pressed in normoxic tissue and displays an organ-specific
regulation under systemic hypoxia. FASEB J 15: 2445–2453,
2001.

227. Studer L, Csete M, Lee SH, Kabbani N, Walikonis J, Wold
B, and McKay R. Enhanced proliferation, survival, and
dopaminergic differentiation of CNS precursors in lowered
oxygen. J Neurosci 20: 7377–7383, 2000.

228. Stumm RK, Rummel J, Junker V, Culmsee C, Pfeiffer M,
Krieglstein J, Hollt V, and Schulz S. A dual role for the
SDF-1=CXCR4 chemokine receptor system in adult brain:
Isoform-selective regulation of SDF-1 expression modulates
CXCR4-dependent neuronal plasticity and cerebral leuko-
cyte recruitment after focal ischemia. J Neurosci 22: 5865–
5878, 2002.

229. Sun Y, Jin K, Xie L, Childs J, Mao XO, Logvinova A, and
Greenberg DA. VEGF-induced neuroprotection, neuro-
genesis, and angiogenesis after focal cerebral ischemia.
J Clin Invest 111: 1843–1851, 2003.

230. Sun Y, Zhou C, Polk P, Nanda A, and Zhang JH. Me-
chanisms of erythropoietin-induced brain protection in
neonatal hypoxia-ischemia rat model. J Cereb Blood Flow
Metab 24: 259–270, 2004.

231. Tamatani M, Che YH, Matsuzaki H, Ogawa S, Okado H,
Miyake S, Mizuno T, and Tohyama M. Tumor necro-
sis factor induces Bcl-2 and Bcl-x expression through
NFkappaB activation in primary hippocampal neurons.
J Biol Chem 274: 8531–8538, 1999.

232. Tang Y, Pacary E, Freret T, Divoux D, Petit E, Schumann-
Bard P, and Bernaudin M. Effect of hypoxic precondition-

ing on brain genomic response before and following is-
chemia in the adult mouse: Identification of potential
neuroprotective candidates for stroke. Neurobiol Dis 21: 18–
28, 2006.

233. Theus MH, Wei L, Cui L, Francis K, Hu X, Keogh C, and Yu
SP. In vitro hypoxic preconditioning of embryonic stem
cells as a strategy of promoting cell survival and functional
benefits after transplantation into the ischemic rat brain.
Exp Neurol 210: 656–670, 2008.

234. Tian H, McKnight SL, and Russell DW. Endothelial PAS
domain protein 1 (EPAS1), a transcription factor selectively
expressed in endothelial cells. Genes Dev 11: 72–82, 1997.

235. Tixier E, Leconte C, Touzani O, Roussel S, Petit E, and
Bernaudin M. Adrenomedullin protects neurons against
oxygen glucose deprivation stress in an autocrine and
paracrine manner. J Neurochem 106: 1388–1403, 2008.

236. Trump BF and Berezesky IK. Calcium-mediated cell injury
and cell death. FASEB J 9: 219–228, 1995.

237. Tsukita S, Furuse M, and Itoh M. Multifunctional strands in
tight junctions. Nat Rev Mol Cell Biol 2: 285–293, 2001.

238. Van Itallie CM and Anderson JM. Claudins and epithelial
paracellular transport. Annu Rev Physiol 68: 403–429,
2006.

239. Van Itallie CM, Fanning AS, and Anderson JM. Reversal of
charge selectivity in cation or anion-selective epithelial lines
by expression of different claudins. Am J Physiol Renal
Physiol 285: F1078–1084, 2003.

240. van Lookeren Campagne M, Thibodeaux H, van Bruggen
N, Cairns B, Gerlai R, Palmer JT, Williams SP, and Lowe
DG. Evidence for a protective role of metallothionein-1 in
focal cerebral ischemia. Proc Natl Acad Sci USA 96: 12870–
12875, 1999.

241. Villa P, Bigini P, Mennini T, Agnello D, Laragione T,
Cagnotto A, Viviani B, Marinovich M, Cerami A, Coleman
TR, Brines M, and Ghezzi P. Erythropoietin selectively at-
tenuates cytokine production and inflammation in cerebral
ischemia by targeting neuronal apoptosis. J Exp Med 198:
971–975, 2003.

242. Wagener FA, da Silva JL, Farley T, de Witte T, Kappas A,
and Abraham NG. Differential effects of heme oxygenase
isoforms on heme mediation of endothelial intracellular
adhesion molecule 1 expression. J Pharmacol Exp Ther 291:
416–423, 1999.

243. Wang GL, Jiang BH, Rue EA, and Semenza GL. Hypoxia-
inducible factor 1 is a basic-helix-loop-helix-PAS hetero-
dimer regulated by cellular O2 tension. Proc Natl Acad Sci
USA 92: 5510–5514, 1995.

244. Wang ZL, Cheng SM, Ma MM, Ma YP, Yang JP, Xu GL,
and Liu XF. Intranasally delivered bFGF enhances neuro-
genesis in adult rats following cerebral ischemia. Neurosci
Lett 446: 30–35, 2008.

245. Watanabe K, Takayasu M, Noda A, Hara M, Takagi T,
Suzuki Y, and Yoshia J. Adrenomedullin reduces ischemic
brain injury after transient middle cerebral artery occlusion
in rats. Acta Neurochir (Wien) 143: 1157–1161, 2001.

246. Weih M, Kallenberg K, Bergk A, Dirnagl U, Harms L,
Wernecke KD, and Einhaupl KM. Attenuated stroke se-
verity after prodromal TIA: A role for ischemic tolerance in
the brain? Stroke 30: 1851–1854, 1999.

247. Weisbrot-Lefkowitz M, Reuhl K, Perry B, Chan PH, Inouye
M, and Mirochnitchenko O. Overexpression of human
glutathione peroxidase protects transgenic mice against
focal cerebral ischemia=reperfusion damage. Brain Res Mol
Brain Res 53: 333–338, 1998.

478 HARTEN ET AL.



248. Weiss N, Miller F, Cazaubon S, and Couraud PO. The
blood-brain barrier in brain homeostasis and neurological
diseases. Biochim Biophys Acta 1788: 842–857, 2009.

249. Wen TC, Sadamoto Y, Tanaka J, Zhu PX, Nakata K, Ma YJ,
Hata R, and Sakanaka M. Erythropoietin protects neurons
against chemical hypoxia and cerebral ischemic injury by
up-regulating Bcl-xL expression. J Neurosci Res 67: 795–803,
2002.

250. Wen TC, Tanaka J, Peng H, Desaki J, Matsuda S, Maeda N,
Fujita H, Sato K, and Sakanaka M. Interleukin 3 prevents
delayed neuronal death in the hippocampal CA1 field. J Exp
Med 188: 635–649, 1998.

251. Whitman EM, Pisarcik S, Luke T, Fallon M, Wang J, Syl-
vester JT, Semenza GL, and Shimoda LA. Endothelin-1
mediates hypoxia-induced inhibition of voltage-gated Kþ
channel expression in pulmonary arterial myocytes. Am
J Physiol Lung Cell Mol Physiol 294: L309–318, 2008.

252. Wick A, Wick W, Waltenberger J, Weller M, Dichgans J,
and Schulz JB. Neuroprotection by hypoxic precondition-
ing requires sequential activation of vascular endothelial
growth factor receptor and Akt. J Neurosci 22: 6401–6407,
2002.

253. Wiesener MS, Jurgensen JS, Rosenberger C, Scholze CK,
Horstrup JH, Warnecke C, Mandriota S, Bechmann I, Frei
UA, Pugh CW, Ratcliffe PJ, Bachmann S, Maxwell PH, and
Eckardt KU. Widespread hypoxia-inducible expression of
HIF-2alpha in distinct cell populations of different organs.
FASEB J 17: 271–273, 2003.

254. Willis D, Moore AR, Frederick R, and Willoughby DA.
Heme oxygenase: A novel target for the modulation of the
inflammatory response. Nat Med 2: 87–90, 1996.

255. Witt KA, Mark KS, Hom S, and Davis TP. Effects of
hypoxia-reoxygenation on rat blood-brain barrier perme-
ability and tight junctional protein expression. Am J Physiol
Heart Circ Physiol 285: H2820–H2831, 2003.

256. Wu D. Neuroprotection in experimental stroke with tar-
geted neurotrophins. NeuroRx 2: 120–128, 2005.

257. Xia CF, Yin H, Borlongan CV, Chao J, and Chao L.
Adrenomedullin gene delivery protects against cerebral
ischemic injury by promoting astrocyte migration and
survival. Hum Gene Ther 15: 1243–1254, 2004.

258. Xia CF, Yin H, Borlongan CV, Chao J, and Chao L. Post-
ischemic infusion of adrenomedullin protects against
ischemic stroke by inhibiting apoptosis and promoting
angiogenesis. Exp Neurol 197: 521–530, 2006.

259. Xue H, Guo H, Li YC, and Hao ZM. Heme oxygenase-1
induction by hemin protects liver cells from ischemia=
reperfusion injury in cirrhotic rats. World J Gastroenterol 13:
5384–5390, 2007.

260. Yamada K, Ji JJ, Yuan H, Miki T, Sato S, Horimoto N,
Shimizu T, Seino S, and Inagaki N. Protective role of ATP-
sensitive potassium channels in hypoxia-induced general-
ized seizure. Science 292: 1543–1546, 2001.

261. Yamaguchi T, Sano K, Takakura K, Saito I, Shinohara Y,
Asano T, and Yasuhara H. Ebselen in acute ischemic stroke:
A placebo-controlled, double-blind clinical trial. Ebselen
Study Group. Stroke 29: 12–17, 1998.

262. Yang G, Chan PH, Chen J, Carlson E, Chen SF, Weinstein P,
Epstein CJ, and Kamii H. Human copper-zinc superoxide
dismutase transgenic mice are highly resistant to reperfu-
sion injury after focal cerebral ischemia. Stroke 25: 165–170,
1994.

263. Yang ZJ, Bao WL, Qiu MH, Zhang LM, Lu SD, Huang YL,
and Sun FY. Role of vascular endothelial growth factor in

neuronal DNA damage and repair in rat brain following a
transient cerebral ischemia. J Neurosci Res 70: 140–149, 2002.

264. Yano A, Shingo T, Takeuchi A, Yasuhara T, Kobayashi K,
Takahashi K, Muraoka K, Matsui T, Miyoshi Y, Hamada H,
and Date I. Encapsulated vascular endothelial growth
factor-secreting cell grafts have neuroprotective and an-
giogenic effects on focal cerebral ischemia. J Neurosurg 103:
104–114, 2005.

265. Yeh WL, Lu DY, Lin CJ, Liou HC, and Fu WM. Inhibition of
hypoxia-induced increase of blood-brain barrier perme-
ability by YC-1 through the antagonism of HIF-1alpha
accumulation and VEGF expression. Mol Pharmacol 72: 440–
449, 2007.

266. Yeung SJ, Pan J, and Lee MH. Roles of p53, MYC and HIF-1
in regulating glycolysis—The seventh hallmark of cancer.
Cell Mol Life Sci 65: 3981–3999, 2008.

267. Yoshida D, Kim K, Noha M, and Teramoto A. Hypoxia
inducible factor 1-alpha regulates of platelet derived
growth factor-B in human glioblastoma cells. J Neurooncol
76: 13–21, 2006.

268. Yu AY, Frid MG, Shimoda LA, Wiener CM, Stenmark K,
and Semenza GL. Temporal, spatial, and oxygen-regulated
expression of hypoxia-inducible factor-1 in the lung. Am J
Physiol. 275: 8, 1998.

269. Zeynalov E, Shah ZA, Li RC, and Dore S. Heme oxygenase
1 is associated with ischemic preconditioning-induced
protection against brain ischemia. Neurobiol Dis 35: 264–
269, 2009.

270. Zhang F, Signore AP, Zhou Z, Wang S, Cao G, and Chen J.
Erythropoietin protects CA1 neurons against global cere-
bral ischemia in rat: Potential signaling mechanisms.
J Neurosci Res 83: 1241–1251, 2006.

271. Zhang H, Bosch-Marce M, Shimoda LA, Tan YS, Baek
JH, Wesley JB, Gonzalez FJ, and Semenza GL. Mi-
tochondrial autophagy is an HIF-1-dependent adaptive
metabolic response to hypoxia. J Biol Chem 283: 10892–
10903, 2008.

272. Zhang H, Gao P, Fukuda R, Kumar G, Krishnamachary B,
Zeller KI, Dang CV, and Semenza GL. HIF-1 inhibits mi-
tochondrial biogenesis and cellular respiration in VHL-
deficient renal cell carcinoma by repression of C-MYC ac-
tivity. Cancer Cell 11: 407–420, 2007.

273. Zhang J, Yang ZJ, Klaus JA, Koehler RC, and Huang J.
Delayed tolerance with repetitive transient focal ischemic
preconditioning in the mouse. Stroke 39: 967–974, 2008.

274. Zhang ZG, Zhang L, Jiang Q, Zhang R, Davies K, Powers
C, Bruggen N, and Chopp M. VEGF enhances angiogenesis
and promotes blood-brain barrier leakage in the ischemic
brain. J Clin Invest 106: 829–838, 2000.

275. Zhao H, Sapolsky RM, and Steinberg GK. Interrupting re-
perfusion as a stroke therapy: ischemic postconditioning
reduces infarct size after focal ischemia in rats. J Cereb Blood
Flow Metab 26: 1114–1121, 2006.

276. Zhao P and Zuo Z. Isoflurane preconditioning induces
neuroprotection that is inducible nitric oxide synthase-
dependent in neonatal rats. Anesthesiology 101: 695–703,
2004.

277. Zheng S and Zuo Z. Isoflurane preconditioning reduces
purkinje cell death in an in vitro model of rat cerebellar
ischemia. Neuroscience 118: 99–106, 2003.

278. Zheng S and Zuo Z. Isoflurane preconditioning induces
neuroprotection against ischemia via activation of P38
mitogen-activated protein kinases. Mol Pharmacol 65: 1172–
1180, 2004.

PROLYL HYDROXYLASE DOMAIN INHIBITORS 479



279. Zhu Y, Zhang Y, Ojwang BA, Brantley MA, Jr., and Gidday
JM. Long-term tolerance to retinal ischemia by repetitive
hypoxic preconditioning: Role of HIF-1alpha and heme
oxygenase-1. Invest Ophthalmol Vis Sci 48: 1735–1743, 2007.

280. Zou YR, Kottmann AH, Kuroda M, Taniuchi I, and Littman
DR. Function of the chemokine receptor CXCR4 in hae-
matopoiesis and in cerebellar development. Nature 393:
595–599, 1998.

Address correspondence to:
Sarah K. Harten

Division of Medicine, Rayne Institute
University College London

University Street
London

United Kingdom

E-mail: s.harten@ucl.ac.uk

Date of first submission to ARS Central, September 1, 2009;
date of acceptance, September 6, 2009.

Abbreviations Used

AM¼ adrenomedullin
AMPA¼ 2-amino-3-(3-hydroxy-5-

methylisoxazol-4-yl)
proprionate, AMPA

AP-1¼ activator protein 1
ARNT¼ aryl hydrocarbon receptor

nuclear translocator
BBB¼ blood brain barrier

BCCAO¼ bilateral common carotid
artery occlusion

BNIP3¼BCL2=adenovirus E1B 19kDa
interacting protein 3

CAG¼ glycosaminoglycan
CAIX¼ carbonic anhydrase IX

CO¼ carbon monoxide
CoCl2¼ cobalt chloride

COX-4¼ cytochrome oxidase 4
CXCR4¼ (C-X-C motif) receptor 4

DFO¼desferrioxamine
3,4-DHB¼ 3,4-dihydroxybenzoate

DMOG¼dimethyloxalylglycine
Egr-1¼ early growth response protein 1
EPO¼ erythropoietin

ETS1¼v-ets erythroblastosis virus
E26 oncogene homolog 1 (avian)

FAST-Mag¼ Field Administration of Stroke
Therapy-Magnesium pilot study

FGF-2¼fibroblast growth factor 2
FIST¼flunarizine in stroke treatment
HIF¼hypoxia inducible factor

HO-1¼heme oxygenase 1
HRE¼hypoxia response element

ICAM¼ intercellular cell adhesion molecule
IKKb¼ IkB kinase-b
ING4¼ inhibitor of growth family, member 4
IPAS¼ inhibitory PAS domain protein

IST¼ international stroke trial
L-mim¼L-mimosine
MCAO¼middle cerebral artery occlusion

MEfs¼mouse embryonic fibroblasts
MORG1¼mitogen-activated protein

kinase organizer 1
MRF-1¼metal transcription factor 1
NF-kB¼nuclear factor kappa B

NMDA¼N-methyl-D-aspartate
NOS¼nitric oxide synthase

Oct-04¼ octamer binding transcription factor 4
ODDD¼ oxygen-dependent degradation

domain
OS9¼ osteosarcoma amplified 9

PDGF¼platelet derived growth factor
PDK¼pyruvate dehydrogenase kinase
PHD¼prolyl hydroxylase domain
PI3K¼phosphatidylinositol-3-kinase

RANTTAS II¼Randomized Trial of Tirilazad
Mesylate in Acute stroke II

ROS=RNS¼ reactive oxygen and nitrogen species
SCF¼ stem cell factor

SDF-1¼ stromal derived factor 1
SGZZ¼ subgranular zone

SVZ¼ subventricular zone
TCA¼ tricarboxylic acid

TESSII¼Tirilazad Efficacy Stroke Study II
TGF-a¼ transforming growth factor a
TNF-a¼ tumor necrosis factor a

t-PA¼ tissue plasminogen activator
VAGF¼vascular endothelial growth factor

VCAM¼vascular cell adhesion molecule
VEBUS¼Very Early Nimodipine Use in Stroke

ZO¼ zona occludens
ZONAB¼ZO-1-associated nucleic acid

binding protein
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