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Abstract

Hypoxia, via the activity of hypoxia-inducible factors (HIFs), plays a crucial role in fibrosis, inflammation, and oxidative
injury, processes which are associated with progression of cardiovascular and kidney diseases. HIFs are key transcription
heterodimers consisting of regulatory a-subunits (HIF-1a, HIF-2a, HIF-3a) and a constitutive f-subunit (HIF-f). The
stability of HIFs is regulated by the prolyl hydroxylases (PHDs). Specific PHD inhibitors (PHD-i) are being investigated
as a therapeutic approach to modulate the cellular signaling pathways and harness the native protective adaptive responses
to hypoxia. Selective inhibition of PHD leads to the stabilization of the HIFs, which is the transcriptional gatekeeper of a
multitude of genes involved in angiogenesis, energy metabolism, apoptosis, inflammation, and fibrosis. PHD-i downregulate
hepcidin, improve iron absorption, and increase the endogenous production of erythropoietin. Furthermore, this pharmaco-
logical group has also been proven to ameliorate ischemic injuries in several organs, opening a new and promising field in
cardiovascular research.. In this review, we present the basic and clinical potential of PHD-i treatment in different scenarios,
such as ischemic heart disease, cardiac hypertrophy and heart failure, and their interplay with other pharmacological agents
with proven cardiovascular benefits, such as sodium-glucose cotransporter 2 (SGLT?2) inhibitors.

Keywords Hypoxia - Hypoxia-inducible factor - Prolyl hydroxylase inhibitors - Heart failure - Cardiovascular disease -
Chronic kidney disease

Introduction

Hypoxia-inducible factors (HIFs) are transcription factors
that respond to changes in the level of oxygen by binding to
specific DNA sequences that control the transcription rate of
genes involved in angiogenesis, metabolism, erythropoiesis,
apoptosis, cell migration, and other tissue-specific functions,
including inflammation and fibrosis [1]. In its active form,
HIF is a dimer composed of the HIF-a and HIF-f subunits.
The HIF-a subunit accumulates under hypoxic conditions,
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whereas under normoxic conditions it is degraded by prolyl
hydroxylase (PHD) domain proteins, which require oxygen
to function (Fig. 1). The degradation of HIF-a by PHD pro-
teins under normoxic conditions prevents its dimerization
with HIF-B, leading to the inhibition of its transcriptional
activity [2].

The HIF-PHD enzymes serve as gatekeepers of the coor-
dinated transcriptional response to hypoxia and oxidative
stress that plays key roles in the pathophysiology of several
common disorders [1]. Thus, the selective inhibition of PHD
activity—generating a pharmacologically induced hypoxia-
like state favoring the dimerization of HIF—could be an
effective therapeutic opportunity to reinforce the (protective)
physiological adaptive response of cells when exposed to
hypoxia. These interventions could have a significant impact
in organs with high-energy demand and high oxygen require-
ments, such as kidney and heart.
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Fig. 1 HIF signaling pathway: O,-dependent degradation of HIF-1a
(left side of the picture) and transcription of hypoxia-response genes
(right side). Under normoxic conditions, HIF-1a undergoes protea-
somal degradation by a mechanism that involves hydroxylation of
proline residues on HIF-1a by prolyl hydroxylases (PHDs) and subse-

Anemia in CKD Patients

Anemia is a frequent and serious complication of chronic
kidney disease (CKD) that affects millions of patients world-
wide [3, 4]. As many as 15.4% of patients with CKD expe-
rience anemia which is associated with reduced quality of
life and increased morbidity and mortality [5-8]. Key fac-
tors responsible for anemia of CKD include relative defi-
ciency in erythropoietin (EPO) production and decreased
iron availability for Hemoglobin (Hb) synthesis associated
with inflammation. Recently, it has become apparent that
other factors are also involved in the etiology of anemia,
most notably dysfunctional iron metabolism, mediated via
increased hepcidin activity and reduced clearance.
Currently, anemia of CKD is managed by the admin-
istration of recombinant human EPO or erythropoiesis
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quent ubiquitination by the VHL protein. Under hypoxic conditions,
HIF-1a is stabilized and enters in the nucleus, where it binds to its
dimerization partner HIF-1f to regulate the transcription of down-
stream genes

stimulating agents (ESAs), along with adjuvant iron sup-
plementation [9]. However, some studies have reported
that high doses of ESAs increase the risk of serious
adverse events, including death, myocardial infarction,
congestive heart failure, and stroke [10—12]. On the other
hand, some patients are hypo-responsive to ESAs and
require larger doses because of functional iron deficiency
associated with inflammation [8, 13]. Thus, there is a need
for safer and more effective interventions to address the
impaired EPO production and functional iron deficiency
affecting anemic CKD patients.

PHD-i are currently being developed for the treatment
of anemia in CKD patients, and their benefits have been
recently reported [14—16]. One of the major advantages of
PHD-i is the ability to circumvent the generation of unsta-
ble and supra-physiological plasma levels of EPO. PHD-i
have demonstrated the ability to improve iron absorption,
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downregulate hepcidin, and physiologically increase the
endogenous production of EPO [17]. Recently, the PHD-i
vadadustat was shown in two clinical trials to be non-inferior
to ESA (darbepoetin alfa) in terms of cardiovascular safety
and the correction and maintenance of Hb concentrations in
CKD patients undergoing dialysis [15]. Nonetheless, grow-
ing evidence suggests that PHD-i could also have a role
beyond CKD, with potentially significant and independent
beneficial effects in cardiovascular disease [18-20].

Hypoxia-induced Signaling Pathways
and Role of PHD-i

Oxygen homeostasis is central to the understanding of cell
physiology. Oxygen serves as the major electron acceptor in
oxidative phosphorylation, which is responsible for most of
Adenosine triphosphate (ATP) production [21]. However,
oxidative phosphorylation also generates harmful reactive
oxygen species (ROS). The interactions between ROS and
cellular macromolecules negatively impact their biochemi-
cal and physical properties, which ultimately lead to cell
dysfunction and apoptosis. Hence, organisms have evolved
metabolic and systemic physiological mechanisms to both
maintain oxygen at desirable levels and also protect them-
selves against oxidative cellular damage [21].

HIF was first identified by Semenza et al. as the transcrip-
tion factor responsible for the hypoxic induction of EPO
[22]. The dimeric HIF form (HIF-o and HIF-p) binds to spe-
cific DNA sequences (hypoxia-responsive elements, HREs)
and modulates expression of a diverse set of genes. This
expression profile of genes includes glycolytic enzymes, vas-
cular endothelial growth factors, EPO, and other factors in
a tissue-specific manner. This transcriptional response also
includes the downregulation of some genes, such as pyruvate
dehydrogenase kinase 1 (PDK1) [23], which decreases mito-
chondrial oxygen consumption. In general, this broad range
of transcriptional responses aims to assist cells in resist-
ing the damaging effects of hypoxic environments, while
simultaneously promoting the delivery of and reducing the
requirement of O,.

The transcriptional activity and stability of HIF are
tightly regulated by oxygen availability. HIF-a is constantly
expressed in the cytoplasm of cells and, unless degraded,
migrates towards the nucleus to bind with HIF-p and create
a functional HIF dimer. Hydroxylation of specific proline
residues within the HIF-a subunit results in its inactivation,
and this process, carried out by PHDs, requires molecular
oxygen as a co-substrate. Therefore, PHDs are sensitive to
environmental oxygen, acting as oxygen sensors.

Under normal oxygen conditions, HIF-a is hydroxylated
by PHDs. The Von Hippel-Lindau (VHL) protein attaches
itself to the hydroxylated proline residue and ubiquitinates

HIF-a. The ubiquitination of HIF-1a makes it identifiable
by a protease enzyme, which ultimately leads to its destruc-
tion (Fig. 1, Left panel). On the other hand, under hypoxic
conditions, PHD activity is reduced and hydroxylation, ubig-
uitination, and degradation do not occur, resulting in HIF-a
accumulation in the cells (Fig. 1, right panel).

Three HIF-a isoforms have been identified, HIF-1a,
HIF-2a (also known as EPAS1), and HIF-3a. All 3 isoforms
have the ability to bind to its dimerization partner HIF-1§
in the nucleus and regulate the transcription of downstream
genes. HIF-1a and HIF-2a present a comparable amino
acid sequence, protein structure, and domain arrangement
[18]. However, although they are closely related and acti-
vate HRE-dependent gene expression, both isoforms have
unique target genes and require distinct transcriptional
cofactors [24], implying that they have different mechanisms
of expression and cellular actions. HIF-1a is expressed in a
wide range of cell types [18], whereas HIF-2a expression is
tissue specific and restricted primarily to the endothelium,
liver, lungs, kidneys, heart, brain, and intestines [25].

In general, HIF-1a predominantly promotes the tran-
scription of proteins that decrease oxygen use. For example,
HIF-1a, but not HIF-2q, is responsible for the regulation of
transcription of genes encoding enzymes involved in the gly-
colytic pathway [26]. On the other hand, HIF-2a is the main
isoform involved in upregulating EPO gene expression [27].
The gene encoding divalent metal transporter 1 (DMT1),
the principal intestinal iron transporter, is only regulated by
HIF-2a [28]. Oct4, a crucial transcription factor regulating
stem cell self-renewal, is a specific, direct target of HIF-2a
but not HIF-1« [29].

The specificity of their action suggests that both isoforms
are non-redundant and play an important role in the hypoxia
response. The interplay between HIF-1a and HIF-2a is
thought to provide a sliding scale response, with different
predominance depending on the intensity and duration of
the hypoxic stimulus. For example, HIF-1a drives the initial
response to hypoxia, but under chronic hypoxic exposure, it
is HIF-2a that plays the major role. A disbalance between
HIF-1a and HIF-2a could directly impact physiological and
pathophysiological processes [18, 19, 30].

There are three HIF PHDs, termed PHD1, PHD2, and
PHD3. They differ with respect to their extent, time course,
and cellular localization [31]. Regulation of expression of
PHD isoforms varies in a cell-type specific manner, as does
the affinity of PHDs to HIF-1a or HIF-2a isoforms (Fig. 2):

e PHDI is mainly located in the nucleus. It is highly
expressed in testis, with low levels of expression in the
heart [32, 33].

e PHD2 expression is induced by desferroxamine, CoCl2,
and all known PHD inhibitors (PHD-i). It is predomi-
nantly localized in the cytoplasm. Inhibition of PHD2
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Fig.2 Preferential inhibitory effects on HIF-la and HIF-2a in
hypoxia signaling pathway. PHD inhibitors (e.g., daprodustat, vada-
dustat, roxadustat) While they act on all PHD isoforms, these com-
pounds have different affinities to each one. Roxadustat would
primarily inhibit the isoform PHD3, although it also potentially sup-
presses other PHDs (depending on dose) The inhibition of PHD3
would ultimately boost HIF-2a. Conversely, PHD2 acts preferentially
on HIF-la. HIF-2« is also directly enhanced by SIRT1. SIRT1 sir-
tuin-1, SGLT2 sodium-glucose cotransporter 2 inhibitors, PDH prolyl
hydroxylases

acts primarily to boost the activity of HIF-1a, rather than
HIF-2a. Basal expression levels have been found to be
high in the heart and testis [25], and moderate in brain,
kidney, and liver [33].

e PHD3 distributes equally in the cytoplasm and nucleus.
It is highly expressed in the heart and liver. PHD3 acts
preferentially on HIF-2a [34].

Role of HIF in Cardiovascular Diseases

Ischemic heart diseases, characterized by significant coro-
nary occlusions resulting in disruptions in blood flow and
oxygen supply, are major causes of mortality and disability
in high-income countries, followed by cerebrovascular dis-
ease [35]. However, a dysfunctional oxygen supply to the
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heart can also be attributed to more complex pathophysiol-
ogy, such as coronary microvascular disease or a distorted
and hypertrophic myocardium. Indeed, ischemia contributes,
at least partially, to most cardiomyopathies [36].

HIF-a has a genuine pivotal role in the physiology and
pathophysiology of the cardiovascular system. Several mod-
els of HIF deletion demonstrate the importance of HIF sign-
aling in cardiac development and in embryonic development
overall. The knockout of both HIF-1a and HIF-2« is lethal
in mice. Hypoxia is an essential trigger to tissue differentia-
tion, and HIF controls angiogenesis, glucose metabolism,
and cellular proliferation [21].

In the adult heart, HIF-1a and HIF-2a are the major fac-
tors driving all mechanisms of endogenous cardiac protec-
tion against any ischemic stress. PHD-i provide the oppor-
tunity to harness these adaptive responses and reinforce
the cardioprotective effects of HIF [37]. Two big groups
of experimental models support the modulation of HIF as
a potential therapeutic strategy. First, interventions which
increase HIF activity have proved, in most cases, to improve
ischemic outcomes (mainly, infarct size, and cardiac func-
tion) [38—41]. Second, experimental interventions that nul-
lify the native HIF activity in cells significantly exacerbate
the ischemic damage [42]. In general, activation of HIF
would improve myocardial ischemia by multiple mecha-
nisms: reprogramming of metabolism and induction of
angiogenesis, effects on apoptosis, autophagy, cell survival,
cell migration, and stem cell behavior.

Acute Myocardial Infarction

The reduced supply of oxygen to the cardiomyocytes during
an acute MI causes nuclear accumulation of HIF-1a pro-
tein and enhancement of its transcriptional activity in target
genes, including vascular endothelial growth factor (VEGF),
angiopoietin-1 (Ang-1), angiopoietin-2 (Ang-2), platelet-
derived growth factor beta, inducible nitric oxide synthase
(iNOS), EPO, phosphoglycerate kinase, and stromal-derived
factor-1 (SDF-1) [37]. Pharmacologically, PHD inhibition
provides a novel way of utilizing body’s natural compen-
satory mechanisms in response to hypoxia, by increasing
HIF transcriptional activity. Different studies suggest that
PHD inhibition, and the subsequent HIF-1a overexpression,
reduces ischemic injury [38—41].

Cardiomyocyte-specific deletion of PHD2 has been stud-
ied in a mice model of myocardial infarction. This interven-
tion resulted in a significantly smaller area at risk and area
of necrosis, which correlated with a decreased number of
apoptotic cells in the infarcted myocardium and significantly
improved cardiac function 3 weeks after myocardial infarc-
tion [38].

Similar results have been reported with direct activa-
tion of HIFx. Genetic overexpression of HIF-1a induced
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therapeutic angiogenesis, reduced infarct size, and improved
myocardial function after acute coronary occlusion in
murine models [40]. In other experiment, upregulation of
HIF-1a by plasmid DNA improved myocardial perfusion,
peri-infarct vascularization, and border zone survival in rats
with acute myocardial infarction [39].

Intramyocardial transfection of HIF-1a has also been
studied in mesenchymal stem cells (MSCs) models. Co-
transplantation of MSCs and HIF-1« led to increased angi-
ogenesis, reduced apoptosis, and increased survival and
engraftment of these stem cells [41].

A clinical trial with the PHD-i Roxadustat (ROXAMI:
Study of Roxadustat in the Treatment of Acute Myocardial
Infarction) in acute ST-elevation myocardial infarction is
currently ongoing. Roxadustat seems to act primarily on
PHD3 although it also potentially suppresses other PHDs
depending on the dose [18]. This preferential effect on PHD3
would stabilize and promote HIF-2a (Fig. 2). This trial aims
to evaluate the efficacy and safety of early and short-term
administration of a PHD-i in the treatment of acute myocar-
dial infarction (NCT04803864, ClinicalTrials.gov).

Ischemia/Reperfusion

Ischemia—reperfusion (I/R) injury develops subsequent to
the restoration (reperfusion) of blood supply to an organ
that had been disrupted (ischemia). Although early reperfu-
sion is the most effective way to salvage ischemic tissue,
the restoration of blood flow is known to induce pathologi-
cal events leading to a greater myocardial tissue injury in
some cases than that caused by the original ischemic insult
[43]. As ROS generation has been observed to be elevated
when oxygen supply is restored following an ischemic event,
oxidative stress is considered a hallmark of myocardial I/R
pathophysiology [44].

Evidence suggests that HIF pathway activation, which
promotes the production of oxygen-independent ATP pro-
duction through enhanced anaerobic respiration during
hypoxic conditions, confers protection against I/R injury
[43].

PHD inhibition has been shown to markedly reduce I/R
injury by pharmacologically improving hypoxic responses.
In a murine I/R model, the PHD-i roxadustat showed a
reduction in infarct size compared with placebo [45]. Cell
death induced by hypoxia/reoxygenation was also signifi-
cantly prevented with pretreatment in cultured cardiomyo-
cyte. Furthermore, oxygen consumption rate ((OCR] repre-
senting aerobic respiration) was significantly suppressed and
extracellular acidification rate ((ECAR] representing anaero-
bic respiration) significantly enhanced in cultured cardio-
myocytes with roxadustat treatment. Conversely, silencing
HIF-1a abolished the enhancement of ECAR, but not the
reduction of OCR. These results suggested that roxadustat

enhances anaerobic respiration through HIF-1a, having an
additional effect reducing OCR independently of HIF-1a
[45].

Genetic deletion of PHD-1 [PHD-1(—/-)] in mice facili-
tates HIF-1a-mediated cardioprotection in I/R, contributing
to a smaller infarct size compared with control mice [46].
Other studies have examined the role of HIF-1 activation on
proinflammatory chemokine and adhesion molecule expres-
sion during post-ischemic cardiac inflammation [47]. In
murine cardiomyocytes in vitro and in intact murine hearts
following in vivo I/R injury, HIF-1 activation, both phar-
macologically and via small-interfering RNA, significantly
attenuated tumor necrosis factor-alpha-induced chemokines
and ICAM-1 (intracellular adhesion molecule) expression in
cardiomyocytes [47].

Ischemic Preconditioning

Preconditioning has been extensively investigated, and HIF
is thought to play a role in this cardioprotective phenom-
enon [6]. Eckle et al. observed that preconditioning induces
a robust activation of cardiac HIF-1a in mice [42]. The
cardioprotection with ischemic preconditioning was abol-
ished by the experimental suppression of cardiac HIF-1a.
In contrast, pretreatment with the HIF-1a was associated
with cardioprotection similar to the benefit obtained with
ischemic preconditioning itself [42]. Different studies have
shown that increased HIF-1a transcriptional activity under
normoxic conditions preconditions murine hearts to with-
stand subsequent events of ischemia [42, 48]. Selective
inactivation of PHD2 by small interfering RNA has been
shown to cause significant activation of HIF-1a and reduced
myocardial infarct sizes in murine endothelial cells in vitro
and in murine cardiac tissue. Experiments with iNOS knock-
out mice suggest that NO plays a key role in mediating the
cardioprotection observed following HIF-1a activation [48].

The specific implication of HIF-2« in cardiac precondi-
tioning has also been the subject of some studies. The role
of HIF-2a would come into play especially with long-lasting
or sustained hypoxic stimulus (hours) [49]. Its expression is
increased in remote myocardial areas and in the peri-infarct
zone after infarction [49]. Furthermore, HIF-2a has been
suggested to contribute to the protective adaptive responses
of kidney tissue [50] and neurons [51].

Although significant progress has been made in this field,
the mechanisms, signaling pathways, and effectors that
mediate protection in preconditioning are not yet completely
defined [44]. Mitochondrial ROS production has been linked
to preconditioning [44]. Hypoxia itself leads to an increased
ROS production, and elevated levels of ROS cause peroxida-
tion of proteins, DNA, and lipids and trigger mitochondria-
induced cell death pathways. However, in contrast to the
detrimental effects of massive ROS production, sub-lethal
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amounts of ROS could serve as a trigger for cardioprotection
in ischemia preconditioning [52].

Low levels of ROS can act as signaling molecules that
induce HIF pathway activation, which then triggers the
metabolic program that provides cellular protection against
oxygen deprivation [53].

Regardless of the mechanism of action, what seems clear
is that HIF is associated with increased myocardial resist-
ance to hypoxia, resulting in a profound reduction in myo-
cardial infarct sizes. Accordingly, different HIF-1a loss-of-
function models are consistent in showing the reversal of
this protection, and as a result, mice present bigger infarct
size after ischemia [42].

Cardiac Hypertrophy

In response to different haemodynamic stresses, such as
hypertension or ischemia, cardiac performance is initially
maintained by a beneficial compensatory increase in myo-
cyte size (hypertrophy) [54]. Cardiac myocytes activate
intracellular hypertrophic signaling pathways to re-use
embryonic transcription factors and to increase the synthesis
of various proteins, such as structural and contractile pro-
teins [54]. The increase in myocardial mass increases oxygen
demand and promotes myocardial angiogenesis to amelio-
rate the hypoxic situation. In these circumstances, angio-
genesis is a key to maintaining sufficient cardiac perfusion
to support beneficial hypertrophy and avoid the transition to
heart failure and adverse cardiac remodeling. Angiogenesis
requires secreted angiogenic growth factors, most of which
are regulated by HIF-1a [21].

Preclinical pressure-overload heart failure models have
been used to study the role of HIF-1a activation in myo-
cardial hypertrophy. Pressure overload is experimentally
induced with severe transverse aorta constriction (TAC),
and cardiac hypertrophy gradually develops to maintain
heart function. Expression of HIF-1a, but not HIF-2a, is
increased by TAC from day 3 [55]. In these models, the
number of microvessels per cardiomyocyte usually increases
in parallel with cardiomyocyte hypertrophy until day 14
when it reaches its peak. However, if the hemodynamic
stress becomes chronic, hypertrophy eventually progresses
to adverse ventricular dilatation. Myocyte apoptosis, inter-
stitial fibrosis, and detrimental matrix remodeling contribute
to this process, leading to heart failure.

Several cellular pathways have been implicated in this
beneficial-to-adverse hypertrophic transition. Chronic
hemodynamic pressure and stress on the ventricular wall
lead to accumulation of p53, an inhibitor of HIF-1a, caus-
ing inactivation of HIF-1a’s downstream angiogenic tar-
gets. Accumulation of p53 restrains neovascularization
and precipitates a detrimental stage of ventricular dilata-
tion and eventual heart failure [55]. Mice deficient in p53
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in TAC models show higher cardiac HIF-1a activity and
VEGTF levels, with a significant increase in the number of
microvessels. After chronic pressure overload, p53-defi-
cient mice have more marked cardiac hypertrophy, better
systolic function, and lower atrial natriuretic factor levels
[55].

Overexpression of angiogenic factors also attenuates the
transition from compensatory hypertrophy to dilated heart
failure. Jian Guo et al. demonstrated that transgenic mice
that overexpress the angiogenic factor CNPY2 (Canopy
2) presented a better vascularized myocardium and bet-
ter cardiac performance during development of chronic
heart failure [56]. Activation of p53 was also decreased
in hearts after injury and the expression of HIF-1a better
maintained, thereby potentially retaining a most beneficial
pro-angiogenic program [56].

These results suggest the benefit of HIF-1a and angio-
genic activity in injured hearts, helping to preserve car-
diac function and preventing the switch from beneficial
compensatory hypertrophy to ventricular dilatation and
heart failure.

Induction of Cardiomyopathy

The role of HIF-1a signaling in chronic heart failure might
be controversial. Although the HIF-mediated adaptations
are beneficial to withstand acute ischemia, sustained over-
expression of either HIF-1a or HIF-2a has been associ-
ated with the spontaneous development of cardiomyopathy
[57].

Bekeredjian et al. showed that enhanced HIF activity is
sufficient to cause contractile dysfunction in the adult mice
heart [58]. In another study, the inactivation of PHD2, com-
bined with the inactivation of PHD2/PHD3, and inactivation
of VHL resulted in progressively more intense HIF activa-
tion and severe phenotypes of cardiac dysfunction [59].

The mechanisms underlying HIF-associated cardiomy-
opathy are unclear. Adaptations induced by HIF include
changes in vascular tone, anaerobic metabolism, and cal-
cium handling, which could explain the positive findings in
HIF-1a overexpressing hearts, in the setting of a myocardial
infarction or ischemia preconditioning. Regarding metabo-
lism changes, HIF induces the expression of glycolytic genes
favoring glucose consumption and anaerobic metabolism
during ischemia. Although this energy-saving metabolism is
beneficial for withstanding oxygen-deprived conditions, the
same pathways are indicative of a defective cardiac homeo-
stasis in the heart [57].

More studies are needed to determine the implications
of long-lasting stabilization of HIF or determine its optimal
level of activity to gain the maximum cardiovascular benefits
without the unwanted risks.
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Sodium-Glucose Cotransporter 2 Inhibitors
(SGLT2i) and PDH Inhibitors

Several studies have demonstrated a significant cardiopro-
tective and renoprotective benefit with SGLT2-i treatment,
in both diabetic and nondiabetic patients [60—62]. These
benefits cannot be readily explained by lowering blood
glucose, blood pressure, or body weight. SGLT2-i have
been shown to reduce serious heart failure and adverse
renal events within the first few months of treatment initia-
tion. A potential effect on non-hemodynamic pathogenic
mechanism has been suggested for the beneficial actions
of SGLT2-i [19, 63].

Chronic kidney failure, heart failure, obesity, and type
2 diabetes mellitus share a deranged cell signaling setup
with downregulated HIF-2a, AMPK, Sirtuin-1 (SIRT1),
and an impaired autophagic flux [19]. SIRT1, a deacety-
lase protein, acts as a redox sensor and augments HIF-2a
signaling during hypoxia. Type 2 diabetes is characterized
by renal hypoxia, oxidative stress, and defective nutrient
deprivation signaling, which might induce activation of
HIF-1a and suppression of HIF-2«. This shift in the bal-
ance of HIF-1o/HIF-2a activities promotes proinflam-
matory and profibrotic pathways in glomerular and renal
tubular cells [19].

Increased and chronic HIF-1a expression in tubular
epithelial cells leads to tubulointerstitial fibrosis. One of
the major HIF-1a gene targets, the plasminogen activa-
tor inhibitor-1 (PAI-1), is a key effector in progression of
kidney fibrosis. Indeed, previous studies have shown that
genetically silencing PAI-1 improves fibrosis in Diabetic
Kidney Disease (DKD) in mice [64, 65]. The pharmaco-
logical inhibition of HIF-1a also improves clinical mani-
festations of diabetic nephropathy [66].

Inhibiting SGLT2 seems to be efficient in rectifying
this metabolic imbalance, reducing HIF-1a and promot-
ing SIRT1 [67] and AMPK in DKD. It has been hypoth-
esized that SGLT2 inhibition would also act to enhance
HIF-2a signaling [20]. By promoting a selective upregula-
tion of HIF-2« over HIF-1a, these pharmacological agents
would switch the balance between the two isoforms toward
a more beneficial renal and cardiovascular profile [18].
Luseogliflozin has been demonstrated to inhibit HIF-1a
expression and subsequent renal fibrosis in diabetic kid-
neys [64]. Another SGLT2 inhibitor, Dapagliflozin, nearly
nullifies the increased level of HIF-1a in renal proximal
tubule. This was observed in samples from both diabetic
patients and mice with experimental streptozocin (STZ)-
induced diabetes [68]. The tubulointerstitial damage, a
common feature in diabetic kidney, was partially reversed
by Dapagliflozin, with less macrophage infiltration and
fibrosis. Another common feature in diabetic nephropathy,

an increased intraglomerular filtration pressure, was also
ameliorated by SGLT?2 inhibition [19].

In the synthesis and regulation of EPO, HIF2« is the main
responsible factor [69]. The deficiency of EPO and the effi-
cacy of PHD-i in CKD suggest that HIF-2a is downregulated
in renal patients, which has been confirmed in preclinical
studies [70]. In this regard, SGLT2 inhibitors, a group of
drugs which promote EPO production and erythropoie-
sis in kidneys [71], would potentially act through HIF-2a
signaling.

The interplay between HIF-1o/HIF-2a and SGLT?2 inhibi-
tion could be a contributing factor in their actions towards
alleviating renal hypoxia and cellular stress, and improving
renal and cardiovascular outcomes.

Conclusions

Inhibition of PHD may provide the capability to modulate
the endogenous adaptive programs that are triggered in
response to hypoxia in cells. This has important implica-
tions in ischemic organ injuries, fibrosis, inflammation, and
oxidative stress, all processes that have been implicated in
the progression of cardiovascular and renal disease.

Several PHD-i (daprodustat, roxadustat, vadadustat, or
molidustat) are being actively investigated for the treatment
of anemia in CKD, in both non-dialysis-dependent and
dialysis-dependent adult patients, as well as chemotherapy-
induced and anemia associated with myelodysplastic syn-
dromes. These compounds might also be useful for treat-
ing ischemic heart disease. As we have highlighted in this
review, numerous studies show the potential of PHD-i to
reduce the severity of acute myocardial infarction, amelio-
rate the ischemia—reperfusion injury, and improve function
and vascularization in cardiac hypertrophy.

However, a more complete understanding of HIF signal-
ing is still needed to determine its specificity of action and
the exact therapeutic window. The possibility also exists that
long-term drug-induced HIF elevation could be deleterious,
and associated with increased rather than decreased cardiac
dysfunction. Furthermore, the pleiotropic effects of HIF and
the activation of a wide range of genetic responses imply the
risk of unwanted or unexpected side effects.

The current challenge is the development of tissue-
specific and PHD-selective inhibition, which could allow
independently targeting each isoform of HIF to promote
a favorable HIF-1o/HIF-2a balance. To know when, how
much and, most importantly, for how long PDH inhibi-
tors should be used would be key to avoiding its potential
detrimental effects and obtaining the maximum benefit of
hydroxylase inhibition.

Improving understanding of the pathophysiology of
hypoxic tissue damage and the endogenous adaptive
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processes that are triggered by hypoxia remains a major
challenge for the development of new therapies for myo-
cardial infarction. Unraveling the mechanisms underlying

hypoxia will also help us to define the full clinical value of

novel pharmacological agents in cardiovascular and renal
disease, such as PHD-i or SGLT?2 inhibitors.
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