Benefits and Risks of Manipulating
the HIF Hydroxylase Pathway
in Ischemic Heart Disease
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2.1 Introduction

Ischemic heart disease is a major cause of morbidity and mortality in the Western
world. It occurs when oxygen delivery cannot meet the metabolic needs of the heart,
as observed in patients with stable coronary artery disease as well as those experi-
encing acute myocardial infarction. Although conditions leading to myocardial
injury have been well studied, and physical means of revascularization by stenting
or coronary bypass surgery are well developed, there remains a need to define treat-
ments that limit damage in the acute phase or promote revascularization by medical
means. In particular, mechanisms that preserve cellular function during ischemia
remain poorly understood.

Experimental models of myocardial ischemia in rodents have demonstrated that
prior exposure to sublethal cycles of ischemia-reperfusion (I/R) protects tissues
such as the heart from subsequent ischemia. There is compelling evidence that this
ischemic preconditioning (IPC) is, at least in part, conferred through hypoxic acti-
vation of the transcription factor: hypoxia-inducible factor (HIF). HIF is a master
regulator of oxygen homeostasis that induces the expression of hundreds of genes
in response to hypoxia, including those that stimulate glycolysis, angiogenesis, and
erythropoiesis. These changes help the organism adapt to oxygen deprivation at
both the cellular and tissue levels. Pharmacological modulators of HIF are conse-
quently being pursued as therapeutic targets for myocardial (as well as more general
tissue) ischemia.

HIF is an o/ heterodimeric transcription factor, whose o subunit is regulated
through posttranslational modification by HIF prolyl hydroxylases (PHDs, prolyl
hydroxylase domain): PHD1, 2 and 3 (reviewed in Kaelin and Ratcliffe [1]).
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Fig. 2.1 Dual regulation of HIF-alpha subunits by prolyl and asparaginyl hydroxylation. In the
presence of oxygen, active HIF prolyl hydroxylases (PHDs), as well as factor inhibiting HIF (FIH),
downregulate and inactivate HIFo subunits. PHDs hydroxylate prolyl residues to promote von
Hippel-Lindau tumor suppressor (VHL)—dependent proteolysis of HIFo subunits. FIH, on the
other hand, hydroxylates an asparaginyl residue, which blocks p300 co-activator recruitment from
activating HIFa-subunit transcriptional activity. In hypoxia, HIF hydroxylases (PHDs and FIH)
are inactive and these processes are suppressed, which allows the formation of a transcriptionally
active HIF complex

These non-heme Fe(Il) and 2-oxoglutarate-dependent dioxygenase PHD enzymes
are now widely regarded as cellular oxygen sensors that transduce the oxygen status
to the cell via posttranslational hydroxylation of HIFa. In the presence of oxygen,
PHD hydroxylates two proline residues within a central degradation domain in HIF-
la and -2a. This promotes their binding to von Hippel-Lindau tumor suppressor
(VHL) E3 ubiquitin ligase, leading to proteasomal degradation. A second point of
regulation involves asparaginyl hydroxylation by another non-heme Fe(Il) and
2-oxoglutarate-dependent dioxygenase termed FIH (factor inhibiting HIF). During
hypoxia, reduced PHD and FIH activity allows HIFa subunits to escape proteolysis
and assemble into an active a/f heterodimer that induces a broad range of target
genes (Fig. 2.1).

A substantial body of work indicates that despite this dual control system, activa-
tion of HIF can be achieved through inhibition of the PHD/VHL degradation path-
way alone. Indeed, several PHD inhibitory drugs are in development to test whether
pharmacological modulation of the HIF hydroxylase system to activate HIF protects
from subsequent ischemic insult. This type of intervention may have effects in
the short term through enhanced cellular metabolism (for example, stimulation of
glycolysis, glucose metabolism, and reduced mitochondrial oxygen consumption)
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as well as in the medium to longer term through increased perfusion (for example,
by stimulation of angiogenesis), giving potential applications both in the acute
phase as well as in chronic ischemic heart disease.

The safety of long-term PHD inhibition/HIF activation, however, remains unclear.
Given the ubiquitous distribution of the HIF hydroxylase system and wide range of
processes affected by HIF, it seems unlikely that all consequences of HIF activation
will be beneficial to treating myocardial ischemia; some may even impinge normal
physiological function in the heart or other tissues. We consider in this review evi-
dence relating to the benefits and risks of manipulating the HIF hydroxylase system
as a therapeutic means of treating myocardial ischemia.

2.2  Benefits
2.2.1 Genetic Manipulation of HIF-1c

Evidence for the essential role of HIF-1a in IPC was obtained from transgenic
mouse models, wherein haploinsufficiency of HIF-1 ¢ is sufficient to ablate the pro-
tective effect conferred by IPC on myocardial infarction [2, 3]. This result is simi-
larly present in mice treated with intraventricular infusion of HIF-1 o siRNA [4].

In agreement with this, overexpression of HIF-1a in the myocardium of mice
attenuates infarct size and improves cardiac function several weeks (but not 24 h)
after coronary artery occlusion [5]. This delayed protective effect is thought to be
conferred, at least in part, through increased capillary density in the infarct and
peri-infarct zones via transcriptional activation of pro-angiogenic HIF target genes
such as vascular endothelial growth factor (VEGF) and angiopoietin-2. Together
with the predicted vasodilation from HIF-mediated stimulation of inducible nitric
oxide synthase, these changes are postulated to help restore delivery of blood to the
heart. It should be noted that the overexpressed HIF-1a in these mice would be
subject to normoxic degradation, thus limiting upregulation of the pathway in the
cells that are best oxygenated. The long-term effects of more complete HIF-1a
activation from blockage of the degradation pathway, therefore, cannot be readily
deduced from this study.

Further, overexpression of a stable form of HIF-1a in the epidermis of mice has
been shown to induce hypervascularity (in line with the predicted induction of
pro-angiogenic HIF target genes) [6]. Interestingly, in contrast to transgenic mice
overexpressing myocardial VEGF, in which rapid stimulation of dysregulated
angiogenesis leads to fragile and immature vessel formation [7, 8], HIF-1a overex-
pression induces blood vessel formation without any leakage or inflammation. Most
probably this is because of multiple, coordinated actions on the angiogenic process.
It is also possible that effects of HIF activation at sites remote from the site of isch-
emia may have protective actions (for instance, by increasing circulating endothe-
lial progenitors). This might conceivably assist perfusion of distant tissues and may
underlie remote ischemic preconditioning effects, whereby IPC of, for example, the
kidney can result in cardioprotection [9].
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2.2.2 Pharmacological Inhibition and Genetic Manipulation
of PHD Enzymes

Small molecule inhibitors of the PHD enzymes potently activate the HIF response
both in vitro and in vivo. Thus, it has been proposed that administration of PHD
inhibitors could mimic, at least in part, the protective effects of exposure to hypoxia.
Indeed, PHD inhibition likely results in greater HIF activation than the submaximal
levels achieved through ischemic insult.

Initial studies using cobalt chloride and the iron chelator desferrioxamine to
inhibit PHD enzymes (by displacement of their Fe(Il) center or decreasing Fe(II)
availability in solution) suggested that PHD inhibition acts similarly to IPC in pro-
viding protection against myocardial infarction [10, 11]. However, such inhibitors
would be predicted to target other Fe(Il)-containing enzymes and likely result in
side effects from dysregulation of non-HIF hydroxylase pathways.

Subsequent studies have applied more specific inhibitors of PHD activity,
dimethyl-oxalylglycine (DMOG) and FG2216, to rodent models of myocardial
ischemia. DMOG is a 2-oxoglutarate analogue that inhibits the 2-oxoglutarate-
dependent-dioxygenase family of enzymes (which includes the PHD enzymes);
FG2216, on the other hand, is a more selective analogue which is proposed to spe-
cifically target the PHD enzymes, making it attractive for therapeutic use. Both
DMOG and FG2216 have been reported to minimize tissue damage 24 h to several
weeks after myocardial infarction [4, 12-14].

Genetic manipulation of PHD activity has also been shown to protect from myo-
cardial I/R. Although all three isoforms of PHD (1, 2, and 3) can hydroxylate and
regulate HIFa in vitro, the ubiquitously high level of PHD2 protein across a range
of cell lines is thought to account for its dominant role in setting low steady-state
levels of HIF in normoxia [15]. In keeping with this, intraventricular infusion with
PHD?2, but not PHDI or 3, siRNA reduced post-ischemic infarct area [4, 16, 17].
Similar results were obtained with PHD?2 silencing using intramyocardial injection
of PHD2 shRNA [18].

Genetic deletion of PHD2 (but not PHDI or 3) in mice results in embryonic
lethality [19]. It has been reported, however, that transgenic mice containing hypo-
morphic alleles for PHD?2 are viable with no obvious cardiac abnormalities. These
mice have improved functional recovery, coronary flow rate, and reduced infarct
size following I/R in the isolated mouse heart [20], in agreement with the dominant
role of the PHD?2 isoform in HIF regulation.

Interestingly, PHD I—/— mice, which survive until adulthood with no obvious heart
defects, have also been reported to show significant protection from myocardial I/R
[21]. Further, this protection against ischemic insult is observed in PHD /- skeletal
muscle [22] and liver [23], indicating that the mechanisms involved are not restricted
to the heart. Although the latter phenotypes are thought to involve HIF-dependent
pathways, it is curious that the other hallmarks of HIF activation such as polycythemia
and angiogenesis are not observed in PHD /—/—mice. Indeed, PHD1 has been reported
to have HIF-independent functions in regulating cellular proliferation [24] and it is
possible that these may contribute to the ischemic protection. Alternatively, it may be
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that PHD1 loss induces HIF to a lesser extent than loss of PHD2, such that there is
sufficient HIF to provide protection from ischemia without activating erythropoiesis
or angiogenesis. Whatever the mechanism, the findings raise the interesting possibil-
ity that PHD isoform-specific inhibitors (which have yet to be developed) could pro-
vide more targeted drug intervention.

Overall, these studies provide evidence that short-term (or mild chronic) activation
of HIF, by either pharmacological inhibition of PHD enzymes or genetic manipulation
of PHD/HIF, can be beneficial against myocardial I/R. The protection conferred may
occur shortly after HIF induction via changes in cellular metabolism (for example,
enhanced glucose uptake and metabolism through activation of HIF target genes
such as GLUT-1, pyruvate dehydrogenase kinase, and 6-phosphofructokinase 1)
and vasodilation (for example, by induction of nitric oxide synthases). In addition,
activation of HIF may confer delayed protection via angiogenesis and vascular
remodeling.

Long-term HIF activation, for example, through genetic manipulation of the HIF
hydroxylase system, however, has potential detrimental effects. These are outlined
below.

2.3  Risks
2.3.1 Genetic Manipulation of HIFa.

Evidence for the detrimental effects of sustained HIFa activation are obtained from
recent studies, whereby overexpression of a stable form of either HIF-1o or HIF-2a
in cardiomyocytes results in cardiomyopathy [25, 26].

2.3.2 Genetic Manipulation of PHD Enzymes

The effects of chronic PHD inhibitor exposure are largely unknown and existing
data derives from PHD knockout mice which may not accurately mimic the effects
of catalytic inhibition (for example, because of loss of additional non-catalytic
effects of the enzyme protein). It is worth noting, however, that supplementation of
a certain brand of Canadian beer with cobalt sulfate was identified as a contributing
etiological factor in the so-called Quebec beer-drinker’s cardiomyopathy (with
associated polycythemia) of the late 1960s [27]. This hints at protracted PHD inhib-
itor usage being potentially detrimental to cardiac function — a possibility that is
supported by genetic manipulation of the PHD enzymes in mice.

Widespread, conditional inactivation of PHD?2 in adult mice results in severe
polycythemia and hyperactive angiogenesis/angiectasia, in line with the predicted
induction of HIFa, pro-angiogenic HIF target genes, and erythropoiesis-promoting
HIF target gene erythropoietin. However, these mice also suffer from dilated cardio-
myopathy and premature mortality [28—31]. The latter phenotypes may occur either
as an indirect consequence of polycythemia and/or as a direct action of PHD?2 loss
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in cardiomyocytes. Further studies demonstrate that, in fact, cardiac-specific loss of
PHD? is sufficient to induce dilated cardiomyopathy and premature mortality in
adult mice, which is exacerbated when on a PHD3—/- background [25]. Thus, sus-
tained PHD2 inactivation/HIF activation in the heart itself is detrimental to cardiac
function and may even play a causal role in the pathogenesis of ischemic cardio-
myopathy [25].

Aside from the risks of dysregulated erythropoiesis and angiogenesis, loss of
PHD activity in other noncardiac tissues may also pose risks to both cardiovascular
and other tissue functions. For instance, PHD3—/- mice, though viable and with no
obvious cardiac abnormalities, suffer from abnormal sympathoadrenal development
that is likely to be the cause of the observed reduced catecholamine secretion and
systemic hypotension [32]. In humans, activating mutations in HIF-2a. have been
associated with pulmonary hypertension [33]. Systemic administration of PHD
inhibitors may therefore result in a range of side effects from HIF activation in
tissues other than the heart.

2.3.3 Genetic Manipulation of VHL

As both VHL and PHD negatively regulate HIF, and assuming a lack of divergence
in the PHD/HIF/VHL oxygen-sensing pathway, one might predict loss of VHL to
phenocopy loss of PHDs (in particular PHD2, given its dominant role in HIF regula-
tion). Indeed, VHL—/— mice, like PHD2—/— mice, are embryonic lethal due to pla-
cental defects [34]. Cardiac-restricted ablation of VHL in adult mice leads to dilated
cardiomyopathy, lipid accumulation, myocyte loss, fibrosis, and even malignant
transformation, in a HIF-1a-dependent manner [35]. The cardiac phenotype after
VHL loss is therefore more severe than observed after combined PHD2/PHD3 inac-
tivation, possibly because of residual PHDI activity and/or a contribution from
PHD and HIF-independent functions of VHL. However, the findings again suggest
that long-term, high-level upregulation of HIF pathways is likely to entrain signifi-
cant side effects.

Overall, genetic studies demonstrate that extensive HIF activation in the heart is
potentially deleterious to cardiovascular function. Thus, PHD inhibitors will prob-
ably require careful dose titration to achieve the desired risk/benefit profile and/or
limitation of the duration of therapy.

24  Summary

Current work has defined both benefits and risks associated with the manipulation
of the HIF hydroxylase system as a therapeutic means of treating myocardial
ischemia.

Short-term (or mild, chronic) activation of HIF, like IPC, is protective against
ischemic insult. Although this has been determined using interventions that precede
ischemia, two findings raise the possibility that PHD inhibitors could equally be
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applied post-ischemia. First, HIF activation lasts several days following ischemic
insult [36]. Second, cycles of I/R applied at the onset of, rather than preceding,
ischemia are still able to confer protection (a process known as ischemic post-
conditioning [37]). The ability to treat myocardial ischemia by post-event drug
intervention would make PHD inhibitors particularly useful in the clinical setting.

Prolonged, excessive HIF activation, on the other hand, phenocopies ischemic
cardiomyopathy and is deleterious to cardiovascular function. It may also have det-
rimental side effects in noncardiac tissues if applied in a systemic manner. Ablation
of PHDI in mice induces hypoxia tolerance without effect on PHD2-/HIF-regulated
pathways such as erythrocytosis. In this regard, a PHD1-specific inhibitor, though
not yet available, may be beneficial.

In summary, PHD inhibitors that activate HIF are an attractive therapeutic option
for minimizing tissue damage from myocardial ischemia or improving perfusion by
medical means. However, care will be required to avoid side effects from uncon-
trolled activation of hypoxia pathways. This highlights the need for time, dose,
tissue, and/or PHD isoform-specific drug interventions in order to minimize the
potential deleterious side effects of PHD inhibitors.
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