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Abstract: Despite increasing availability and more successful interventional approaches to restore
coronary reperfusion, myocardial ischemia-reperfusion injury is a substantial cause of morbidity and
mortality worldwide. During myocardial ischemia, the myocardium becomes profoundly hypoxic,
thus causing stabilization of hypoxia-inducible transcription factors (HIF). Stabilization of HIF leads to
a transcriptional program that promotes adaptation to hypoxia and cellular survival. Transcriptional
consequences of HIF stabilization include increases in extracellular production and signaling effects of
adenosine. Extracellular adenosine functions as a signaling molecule via the activation of adenosine
receptors. Several studies implicated adenosine signaling in cardioprotection, particularly through
the activation of the Adora2a and Adora2b receptors. Adenosine receptor activation can lead to
metabolic adaptation to enhance ischemia tolerance or dampen myocardial reperfusion injury via
signaling events on immune cells. Many studies highlight that clinical strategies to target the hypoxia-
adenosine link could be considered for clinical trials. This could be achieved by using pharmacologic
HIF activators or by directly enhancing extracellular adenosine production or signaling as a therapy
for patients with acute myocardial infarction, or undergoing cardiac surgery.
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1. Introduction

Myocardial ischemia-reperfusion injury is most commonly caused by a mechan-
ical obstruction of a coronary artery, for example by a plaque, thromboembolism or
vasospasm [1-3]. The subsequent restoration of coronary blood flow will cause inflamma-
tory cells to move into the ischemic myocardial tissues, which provides the immunologic
cause of cardiac reperfusion injury [4]. Despite the advancement of clinical strategies to
achieve earlier and more persistent reperfusion, myocardial ischemia-reperfusion injury
continues to be a leading cause of morbidity and mortality in the USA and worldwide [2,3].
In addition, cardioprotection from ischemia-reperfusion is also critical for patients who
are undergoing cardiac surgery, since those patients are at risk for myocardial ischemia-
reperfusion injury [5,6]. Novel pharmacologic approaches to render the myocardium more
resistant to ischemic tissue injury or dampen myocardial inflammation during reperfusion
would be highly desirable and are currently areas of intense research.

During myocardial ischemia, the occlusion of a coronary vessel causes profound
changes in metabolic supply and demand within the area that is perfused by the specific
artery (so-called “area at risk”). Due to the limited supply of metabolites and oxygen
from the bloodstream, the area of risk becomes profoundly hypoxic, thus leading to the
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stabilization of hypoxia-inducible transcription factors (HIF) [7-10]. Stabilization of HIF
activates a transcriptional program leading to the increased production of the extracellular
signaling molecule adenosine [11,12]. These transcriptional changes include enhanced
extracellular production of adenosine from precursor nucleotides [13-16], increased levels
and signaling events through extracellular adenosine receptors [17,18], attenuated uptake of
extracellular adenosine via adenosine transporters [19-21], and the attenuated metabolism
of adenosine [22]. Adenosine exerts its cardioprotective effects during ischemia-reperfusion
injury through multiple actions, such as vasodilation to increase blood flow and oxygen,
decreasing myocardial oxygen consumption, preserving endothelial cell function, and
attenuating inflammation. Taken together, studies on the interdependence of hypoxia
and adenosine identified an adaptive transcriptional program under the control of HIF
that is geared towards promoting extracellular adenosine signaling events on multiple
levels. In fact, this molecular link creates multiple opportunities for pharmacologic inter-
ventions, including HIF activators, enhancers of extracellular adenosine signaling events,
adenosine uptake or metabolism inhibitors, or the use of specific adenosine receptor ag-
onists. Therefore, we will review the mechanism of HIF stabilization during myocardial
ischemia-reperfusion injury, its impact on cardiac adenosine metabolism and signaling,
and eventually discuss therapeutic opportunities that present themselves through the
hypoxia-adenosine link for the treatment or prevention of cardiac injury.

2. Hypoxia-Inducible Transcription Factors (HIF) Are Stabilized during Myocardial
Ischemia and Provide Cardioprotection

During myocardial ischemia, the cardiac tissues become profoundly hypoxic. This is
caused by an attenuated supply of oxygen and metabolites to the area at risk by the oc-
cluded coronary artery. Several previous studies have shown that even very short episodes
of myocardial ischemia (as short as only 5 min) are associated with the stabilization of
HIF [23]. These transcription factors were discovered in the early 1990s in studies of the ery-
thropoietin promoter [24-26], a discovery that was subsequently awarded the Nobel Prize
in 2019 [27]. HIF are heterodimeric transcription factors with a constitutively expressed beta
unit (HIF1B) [28]. In contrast, the alpha unit (HIF1A or HIF2A) is substantially regulated on
the post-translational level [29-32]. During normal oxygen availability, HIF1A /HIF2A are
targeted for proteasomal degradation through a molecular pathway that involves oxygen-
sensing HIF prolyl hydroxylases (PHD1, PHD2, or PHD3) [33-36]. PHDs use oxygen as a
co-factor to promote hydroxylation of a conserved prolyl-residue with the HIF1A /HIF2A
subunit, which subsequently promotes binding of the Von-Hippel-Lindau gene product,
polyubiquitination, and proteasomal degradation [31,37-39]. However, if oxygen levels
fall, PHDs are functionally inactivated. In addition, other metabolic changes in the mi-
croenvironment [32,40,41], or oxygen-independent mechanisms of PHD inhibition, have
been demonstrated previously (e.g., elevations of succinate levels) [42,43]. These changes
in metabolic supply and demand lead to the stabilization of HIF1A or HIF2A, which form a
transcriptionally active complex with the HIF1B subunit [44]. This transcriptionally active
complex can bind to hypoxia-response elements (HREs) within the promoter region of
hypoxia-responsive genes, and promote changes in the transcription rate of the specific
gene products. Famous HIF target genes include, for example, erythropoietin or vascular
endothelial growth factor. However, studies in genetic models show that approximately
570 genes are transcriptionally altered by the activity of HIF, and most likely more than
that [45]. In many instances, HIF binding to HREs will cause transcriptional increases
for specific gene products [46,47], but, very frequently, this can also cause repression of a
specific gene product [21,45,48,49]. Repression of a specific gene product by HIF is often
related to the induction of HIF-dependent microRNAs (miRNAs), which promote the
subsequent repression of an indirect HIF target gene [50,51]. For example, a recent study
demonstrated that HIF-dependent induction of miRNA miR122 causes repression of PHD1
as an indirect HIF1A-target gene [51].
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Many studies on the consequences of HIF stabilization during acute myocardial
ischemia-reperfusion injury highlight the protective functions of HIF. These studies include
evidence that both HIF1A or HIF2A stabilization can have cardioprotective functions,
but most likely involve different tissue-compartments and different hypoxia-dependent
target genes [52-56]. Similarly, pharmacologic studies using small-molecular inhibitors of
PHDs (PHD inhibitors) demonstrate that pre-treatment approaches are associated with
attenuated myocardial ischemia-reperfusion injury [23]. Importantly, orally available HIF
activators have recently been used in phase 3 clinical trials for the treatment of renal anemia.
These studies showed that HIF activator treatment is at least equally potent to promote
hemoglobin levels through the induction of erythropoietin as compared to treatment with
recombinant erythropoietin [57-60]. These pharmacologic HIF activators have rarely been
explored in clinical trials for cardioprotection. However, there is strong experimental
evidence that those compounds (e.g., vadadustat or roxadustat) could potentially be used
to attenuate myocardial ischemia-reperfusion injury in patients with acute myocardial
infarction (MI) or for cardioprotection during cardiac surgery [31].

3. Role of HIF in Regulating Adenosine Signaling during Myocardial
Ischemia-Reperfusion Injury

Several previous studies have proposed linkages between hypoxia, HIF, and extra-
cellular adenosine signaling as a means to providing tissue-adaptation, or to dampen
hypoxia-driven inflammation [61-63]. In the extracellular compartment, adenosine is
generated from precursor nucleotides, such as ATP or ADP [64-67]. Once adenosine is
generated, it can signal through four distinct adenosine receptors, including the adenosine
Aj receptor (ADORAL1), the adenosine AyA receptor (ADORA2A), the adenosine A;B
receptor (ADORAZ2B), and the adenosine A3 receptor (ADORA3) [68,69]. These G-protein
coupled receptors have all been implicated in cardio-adaptive responses [53]. For example,
the Adoral is known to mediate the heart-rate slowing effects of intravenous adenosine,
used for the treatment of supraventricular tachycardia [70]. In particular, the Adora2a and
the Adora2b have been shown to dampen inflammatory responses [71-74]. For example,
Adora2a signaling has been discovered on polymorphonuclear neutrophils (PMNs) [75]
and contributes to attenuated inflammatory responses [76,77]. The subsequent uptake of
adenosine from the extracellular compartment [49,78], and metabolism to inosine [13,79-81]
or AMP is implicated in terminating extracellular adenosine signaling. In the next section,
we will discuss studies on how HIF-dependent alterations of gene transcription can alter
extracellular adenosine signaling during myocardial injury, and how these responses have
functional implications on cardioprotection during myocardial ischemia-reperfusion injury.

3.1. Impact of Hypoxia-Signaling on the Production of Extracellular Adenosine

During conditions of hypoxia, inflammation, or cellular stress, different cells release
nucleotides, particularly in the form of ATP or ADP. For example, ATP can be released
from inflammatory cells through specific molecular pathways [16,82-87]. The extracellular
release of ADP has been described extensively from platelets [68]. ATP or ADP can function
as precursor molecules for the extracellular production of adenosine. This process is a
two-step, enzymatically controlled pathway. As the first step, the ectonucleotidase CD39
converts extracellular ATP or ADP to AMP [88]. Studies in gene-targeted mice for cd39
(cd39~/~ mice) [89] show that these mice experience larger myocardial infarct sizes in the
context of diminished levels of AMP and adenosine [90]. Moreover, cd39~/~ mice are not
protected by ischemic preconditioning, where one or more preceding cycles of myocardial
ischemia are associated with the attenuated size of injury [90-92]. Importantly, several
studies demonstrate that the transcript and protein levels, and also the enzymatic function
of CD39 are increased during ischemia, inflammation, or hypoxia [15,90,93-96]. Studies
on the transcriptional mechanism controlling CD39 expression during limited oxygen
availability link the increased CD39 levels to transcriptional control of Sp1 [97,98].
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The second step for the extracellular production of adenosine is under the control of
the ecto-5"-nucleotidase CD73 [99]. This enzyme promotes the extracellular conversion of
AMP to adenosine and can be considered as a “pace-maker” for extracellular adenosine
generation. Similar to cd39~/~ mice, gene-targeted mice for cd73 [100] experience increased
myocardial injury and are not protected by ischemic preconditioning [101]. As would be
expected based on its enzymatic function, cd73~/~ mice experience attenuated concentra-
tions of cardiac adenosine in conjunction with elevated cardiac AMP concentrations during
myocardial injury [101]. Moreover, transcript, protein, and functional levels of CD73 are
increased under hypoxia [101]. Several studies link these increases to a transcriptional
program under the control of HIF1A. Studies with transcription factor binding assays
and promoter constructs had demonstrated that CD73 is a classic HIF target gene and
implicate HIF-dependent induction of CD73 in hypoxia-adaptive responses [93,94,100].
When exposed to myocardial ischemia-reperfusion, cd73~/~ mice experience larger infarct
sizes and higher elevations of cardiac injury markers (troponin I) compared to control
animals [101]. Subsequent studies during myocardial injury demonstrate that the protec-
tive effects of pharmacologic HIF activator treatment is attenuated in c473~/~ mice [23],
thereby directly implicating HIF-dependent CD73 regulation in cardioprotection. Together,
these studies indicate that during myocardial ischemia, hypoxia signaling through Sp1
and HIF1A coordinate the transcriptional induction of CD39 and CD73, which leads to
the increased production of extracellular adenosine and thereby contributes to attenuated
myocardial infarct sizes (Figure 1).

Inflammatory cells Platelets

Q% J . AI\%’% Q%
ATP @°*° N, Adenosine
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CD39 v Ucp73 Hypoxia
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Figure 1. Hypoxia increases extracellular adenosine during myocardial ischemia. In the context of
hypoxia, different cell types such as inflammatory cells and platelets release large amounts of adenine
nucleotides (particularly ATP or ADP). The ectonucleotidases CD39 and CD73 convert ADP/ATP
to AMP and AMP to adenosine, respectively. Therefore, the level of extracellular adenosine during
hypoxia or inflammation critically depends on the expression level and enzymatic activity of CD39
and CD73. Hypoxia promotes the induction of CD39 expression through SP1 signaling, and of
CD73 expression through binding of the transcription factor hypoxia-inducible factor HIF1A to a
hypoxia-response element (HRE) within the CD73 promoter. ATP: adenosine triphosphate; ADP:
adenosine diphosphate; AMP: adenosine monophosphate.



Biomedicines 2022, 10, 1939

50f23

3.2. Role of HIF in Coordinating Extracellular Adenosine Signaling during Myocardial
Ischemia-Reperfusion Injury

As described above, myocardial ischemia-reperfusion injury is associated with in-
creased production of extracellular adenosine. Adenosine acts on four different receptor
subtypes, including Adoral, Adora2a, Adora2b, and Adora3. All these receptors have been
implicated in providing cardioprotection [101-104]. However, only the Adora2a and the
Adora?2b are transcriptionally regulated by HIE. They are highly expressed on a variety of
different cellular sources, for example on cells of the innate immune system [96,105,106],
erythrocytes [18,20], cardiac myocytes [56], stromal or epithelial cells [107-110], regulatory
T-cells [111-113], and other immune cells [114]. Several previous studies have shown
that the Adora2b promoter contains an HRE and can be directly induced by HIF1A dur-
ing conditions of hypoxia [115], inflammation [108,116], or during myocardial ischemia-
reperfusion injury [23,56]. Similarly, the Adora2a has been previously identified as a
target for hypoxia-signaling through the HIF2A isoform [117]. Studies in murine models
of myocardial ischemia-reperfusion injury implicate both Adora2a and Adora2b in car-
dioprotection from ischemia-reperfusion. For example, murine studies demonstrate that
infarct size-reducing effects of treatment with an Adora2a agonist are linked to Adora2a
signaling on bone-marrow-derived T or B lymphocytes [118], which were subsequently
identified to be most likely CD4+ T cells [119]. Similar to the Adora2a, several studies
implicate the Adora2b in cardioprotection from ischemia-reperfusion injury. For example,
Adora2b~/~ mice are not protected by ischemic preconditioning and exhibit larger my-
ocardial infarct sizes [101]. Moreover, treatment with a specific agonist for the Adora2b
is associated with a significant reduction in infarct sizes in murine [101] or rat [120] mod-
els of myocardial ischemia-reperfusion injury. Studies using treatment approaches with
the pharmacologic HIF activator dimethyloxalylglycine (DMOG) demonstrate abolished
cardioprotection by this treatment in Adora2b~/~ mice, thereby directly linking HIF1A
and Adora2b signaling during cardioprotection [23]. Studies on the cellular source of the
Adora2b receptor implicate myeloid-dependent Adora2b signaling in cardioprotection
from ischemia-reperfusion injury [121,122]. Other studies suggest that Adora2b signaling
on cardiac myocytes or inflammatory cells can interface with the stabilization of circadian
rhythm signaling molecules, thereby contributing to the circadian oscillation of myocardial
injury [53,56,123-125]. In addition, a recent study demonstrated a regulatory function
for Adora2b signaling in promoting epicardial stromal cells’ HIF stabilization after my-
ocardial infarction as an additional crosstalk between Adora2b and HIF implicated in
cardioprotection after myocardial infarction [109]. Taken together, these findings demon-
strate HIF-dependent control of adenosine receptor expression and signaling in attenuating
myocardial injury during ischemia-reperfusion (Figure 2).

3.3. HIF-Dependent Promotion of Alternative Adenosine Receptor Activation

Several studies implicate the neuronal guidance molecule netrin-1 [126] in alterna-
tive mechanisms of adenosine receptor activation, particularly for the Adora2b [127,128].
Netrin-1 was discovered as a neuronal guidance molecule. Its function was originally
described as netrin-1 secreted from cells of the floor plate of the mammalian embryonic
neural tube [129-131]. Its secretion sets up a circumferential gradient of netrin-1, which in
some instances attracts or in other instances repels other axons to the ventral midline [126].
Receptors for secreted netrin-1 include, for example, the receptor DCC (deleted in colorectal
cancer) [132] and the UNC5 homologs (UNC5A, B, C, and D) [133] and neogenin-1 [134].
Importantly, the profound ability of the netrin-1 in guiding the repulse or outgrowth of
neuronal cells makes it an ideal candidate molecule for the coordination of inflammatory
cell migration [135].
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Figure 2. HIF protects against myocardial ischemia-reperfusion injury through the modulation of
adenosine receptor signaling events. Adenosine receptors belong to the G protein-coupled receptor
family and are composed of different subunits: the Gs alpha subunits (Gas) and the beta-gamma
subunit complex (Gf3 /7). The adenosine receptors Adora2a and Adora2b have been identified as
target genes of HIF. Under hypoxic conditions, Adora2a and Adora2b are transcriptionally induced
by HIF2A and HIF1A, respectively. Activation of these receptors with their specific agonists showed
reduced infarct size in murine models of myocardial ischemia-reperfusion injury, suggesting their
role in mediating the cardioprotective effects of HIF. The cardioprotection provided is associated
with the activation of Adora2a signaling on lymphocytes and Adora2b signaling on myeloid cells
and cardiomyocytes. The red arrowhead denotes upregulation. A24: Adenosine A2a Receptor.
A2p: Adenosine A2b Receptor.

Studies utilizing a two-hybrid screen of a human brain cDNA library discovered a
previously unreported interaction of netrin-1 with the Adora2b adenosine receptor [136].
Several studies using genetic and pharmacologic approaches demonstrate that netrin-1
can function to promote Adora2b signaling during inflammatory conditions outside of the
brain, including acute lung injury [47,128,137,138], inflammatory peritonitis [127], intestinal
inflammation [139,140], inflammatory kidney disease [141], corneal wound healing [142],
and also myocardial ischemia-reperfusion injury [143]. However, one study found incon-
sistent results by showing that the Adora2b is actually not expressed in neurons, and is
functionally not required for commissural axon guidance in the context of netrin-1 sig-
naling [144]. At present, it is not well understood how netrin-1 and the Adora2b interact,
including the possibility that netrin-1 could directly bind to Adora2b as its ligand, a role
of netrin-1-dependent enhancement of extracellular adenosine levels, or indirect effects
of netrin-1 by binding to a classic netrin-1 receptor and enhancing intracellular signaling
cascades under the control of the Adora2b. A recent study found that netrin-1 levels were
up-regulated in samples of patients who experienced myocardial ischemia-reperfusion
injury [143]. Subsequent studies in mice with deletion of netrin-1 in the myeloid lineage
(Ntn1°%/o% LyzM Cre+ mice) revealed selectively larger infarct sizes and higher troponin
levels, while other mouse lines with conditional deletion of netrin-1 in other tissues didn’t
experience a similar phenotype. Importantly, treatment studies with recombinant netrin-1
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demonstrated that the interaction of netrin-1 with myeloid-dependent Adora2b signaling is
critical in this pathway, suggesting an autocrine signaling pathway [143]. Previous studies
have found that the promoter of netrin-1 contains an HRE and that HIF1A binding to the
netrin-1 promoter dramatically increases netrin-1 expression of transcript and protein lev-
els [145]. Subsequent studies in myeloid cells confirmed that finding [146], including recent
studies showing that Hifla-deficient myeloid cells fail to induce netrin during injury [47]. In
conjunction with these studies, it is conceivable that hypoxia-signaling coordinates netrin-1
and Adora2b signaling in an autocrine loop where neutrophil-derived netrin-1 attenuates
myocardial injury through signaling events on Adora2b receptors expressed on myeloid
cells of the innate immune system (Figure 3).

3.4. Impact of HIF Signaling on Extracellular Adenosine Uptake and Metabolism

Previous studies have implicated HIF in modulating extracellular adenosine uptake
and metabolism. In this context, the consequences of HIF transcriptional activity func-
tion towards attenuating extracellular adenosine uptake and intracellular metabolism,
thereby enhancing extracellular adenosine signaling events. Adenosine signaling is ter-
minated through equilibrative nucleoside transporters (ENTs), particularly ENT1 and
ENT2 [21,78,147]. Those are channels that allow the bidirectional flow of adenosine across
the cell membrane following its gradient. Extracellular production of adenosine is dramati-
cally increased and the gradient for adenosine is directed from the extracellular compart-
ment towards the intracellular side during ischemia-reperfusion injury. Therefore, deletion
or inhibition of adenosine transporters with an ENT inhibitor such as dipyridamole will
result in increased extracellular adenosine levels. Due to its function as an ENT inhibitor,
dipyridamole treatment has been used clinically for many decades during pharmacologic
stress echocardiography, where it increases coronary adenosine levels, and can unmask
coronary artery stenosis [148,149]. Importantly, for the hypoxia-adenosine link during
myocardial injury, previous studies have shown that HIF functions to repress both ENT1
and ENT?2 during conditions of hypoxia or inflammation, and thereby functions to increase
extracellular adenosine levels [17,19-21,108,150]. Interestingly, mice with global deletion
of Entl experience elevated plasma levels of adenosine, which can contribute to cardio-
protection [151]. However, the individual contributions of ENT1 versus ENT2 during
myocardial ischemia-reperfusion injury have not been addressed, for example by using
genetic murine models. Nevertheless, global inhibition of ENTs with dipyridamole has
been implicated in cardioprotection from ischemia-reperfusion injury [152,153]. Taken
together, these studies highlight the likelihood that HIF-dependent repression of ENTs
contributes to cardioprotection from ischemia-reperfusion injury. However, it would be
important to define the individual contributions of ENT1 versus ENT2, as well as their
tissue-specific functions and adenosine receptor signaling events in experimental studies of
myocardial ischemia-reperfusion injury (Figure 4).



Biomedicines 2022, 10, 1939

8 of 23

Netrin-1
release

autocrine o © e
. [ ]

--—

Netrin-1
interaction
with AzBR

N/

Reduced
inflammatory cell
extravasation

=

Monocyte . = Neutrophil

Eosinophil Basophil

Figure 3. HIF coordinates alternative adenosine receptor signaling via increasing netrin-1 expression
and signaling through Adora2b. During myocardial reperfusion injury, different types of inflam-
matory cells, such as neutrophils, monocytes, etc. infiltrate into the myocardial tissue. This further
exacerbates tissue hypoxia and tissue damage. During reperfusion, the transcript and protein levels
of Netrin-1 are robustly increased in patients with myocardial ischemia and in mice with myocardial
IR injury. The increased expression of netrin-1 is mediated by HIF1A activity, which can bind to
an HRE within the Netrin-1 promoter. The increased release of netrin-1 enhances Adora2b signal-
ing by interacting with myeloid Adora2b in an autocrine manner, dampens the accumulation of
inflammatory cells, and ultimately mediates cardioprotection against IR injury. The red arrowhead
denotes increase, and the dark blue arrowhead denotes decrease. A2g: Adenosine A2b Receptor.
NTN1: Netrin-1.

In addition to the repression of ENT1 and ENT2, HIF1A has also been shown to
repress a key metabolic process in intracellular adenosine metabolism. Adenosine can
be metabolized intracellularly to AMP by the adenosine kinase (AK). Studies on hypoxia
responses of AK demonstrate that hypoxia is associated with attenuated transcript and
protein levels of AK. Moreover, studies in genetic models directly implicate HIF1A in its
repression and demonstrate increased adenosine responses with AK repression [22]. Several
studies implicate this pathway in cardioprotection. For example, experimental studies in
rats treated with the AK inhibitor iodotubercidin demonstrate attenuated myocardial infarct
sizes [154]. Together, these studies indicate the likelihood that HIF1A-dependent repression
of AK contributes to adenosine-dependent cardio- protection from ischemia-reperfusion
injury (Figure 4).
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Figure 4. HIF contributes to attenuated adenosine uptake, reduced adenosine metabolism and con-
comitant cardioprotection during myocardial ischemia-reperfusion injury. Equilibrative nucleoside
transporters (ENTs) regulate the uptake of adenosine from the extracellular towards the intracellular
compartment where the major routes of adenosine removal is based on phosphorylation to AMP via
adenosine kinase, thereby modulating adenosine levels. During myocardial ischemia-reperfusion injury,
HIF transcriptionally represses ENT1, ENT2 and adenosine kinase, leading to elevated extracellular
adenosine levels. The inhibition of ENTs in mice with dipyridamole or global deletion of Ent1 showed
decreased intracellular adenosine uptake and increased extracellular adenosine levels, ultimately exert-
ing cardioprotective effects. These indicate the contribution of HIF-dependent repression of ENTs to
adenosine-mediated cardioprotection. ENT: equilibrative nucleoside transporter; AK: adenosine kinase.

4. HIF-Dependent Cardioprotection beyond Purinergic Signaling Events

In addition to the cardioprotective functions of HIF1A, several studies revealed that
HIF2A also contributes to cardioprotection from ischemia-reperfusion injury. A head-
to-head comparison of mice with genetic deletion of Hifla or Hif2a in cardiac myocytes
revealed larger infarct sizes in Hif2a'*P/**f Myosin Cre+ mice compared to Myosin Cre+
controls, whereas there was essentially no difference in infarct sizes between Hifla/1oxp
Myosin Cre+ mice and controls [52]. A subsequent microarray screen for HIF2A targets
revealed the epidermal growth hormone amphiregulin (AREG) as the most differentially
regulated gene [52]. The epidermal growth factor receptor (EGFR or ErbB1) ligand AREG
has been identified to induce activation of the survival kinases Akt in the myocardium
to protect against ischemia-reperfusion injury [52]. Previous studies had shown that
AREG can be induced by hypoxia, independent of HIF1A [155-157]. Indeed, mice with
global deletion of Areg or mice with myocyte-specific deletion of the Areg-receptor ErbB1
(ErbB1'P/oxP Myosin Cre+) demonstrated increased susceptibility to myocardial ischemia-
reperfusion injury [52,54]. Genetic studies in mice with Hif2a deletion confirmed the
regulatory function for HIF2A for the transcriptional induction of Areg. Interestingly,
HIF2A was also found to be critical for the induction of the AREG receptor ERBB1; however,
this was independent of a transcriptional role of HIF2A [54]. Together, those findings
demonstrate the cardioprotective functions of HIF2A expressed in cardiac myocytes by
coordinating the induction of AREG and signaling through the ERBB1 receptor (Figure 5),
independent of purinergic signaling events.

In contrast, the cardioprotective effects of HIF1A signaling have been suggested in
other tissue compartments than myocytes, for example in vascular endothelial cells. Mice
with Hifla deletion specifically in vascular endothelial cells were not protected from is-
chemic preconditioning [158,159]. Moreover, previous studies have implicated HIF1A in
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cardiomyocyte %

mediating the effects of remote ischemic preconditioning [160]. This is an experimental
strategy where short repetitive episodes of ischemia to an arm or a leg provide organ protec-
tion to the heart or the kidneys from a subsequent ischemic injury [161,162] and have been
applied successfully in randomized trials of patients undergoing major surgery [163,164].
Experimental studies demonstrate that remote ischemic preconditioning leads to the stabi-
lization of HIF1A, and subsequent induction of IL-10 as HIF target genes. Cardiac IL-10
signaling is subsequently responsible for the observed cardioprotection [160]. Together,
these studies demonstrate that there are multiple functions of HIF1A and HIF2A to or-
chestrate cardioprotection. While HIF-dependent enhancement of extracellular adenosine
signaling is central to its role in cardioprotection, there have also been pathways described
that highlight HIF-dependent cardioprotection outside of purinergic signaling events.

Enhancer

HRE “HIF-1B /
4 Post-
Transcription transcriptional
regulation

ERBB1

® ® o Cardioprotection

Figure 5. HIF2A induces AREG signaling in cardiac myocytes to provide cardioprotection. HIF2A
contributes to cardioprotection during myocardial IR injury. The epithelial growth factor amphireg-
ulin (AREG) has been identified as one of the target genes of HIF2A, which is significantly induced at
both mRNA and protein levels in cardiomyocytes during hypoxia. HIF2A was also found to increase
the expression of AREG receptor ERBB1 at the post-transcriptional level. These findings indicate
HIF2A protects against myocardial IR injury through AREG signaling. ERBB: Epidermal growth
factor receptor.
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5. Potential Therapeutic Approaches

Various drugs targeting the different steps of the HIF-adenosine link have been devel-
oped for myocardial protection. A summary of some of the published clinical trials and
ongoing clinical trials on these medications are presented in Tables 1 and 2.

5.1. HIF Activators

Since the advent of a new generation of HIF activators, such as PHD inhibitors, many
of them have finished phase 3 clinical trials and are currently applying for FDA approval
for the treatment of anemia in patients with chronic kidney disease. For example, in phase
III studies, roxadustat has been shown to increase hemoglobin levels and reduce cholesterol
levels in chronic kidney disease patients with or without dialysis [59,60]. Vadadustat also
underwent phase III clinical trials, showing an improved iron metabolism and anemia in
patients undergoing dialysis [57,165]. Two other orally available PHD inhibitors, dapro-
dustat and molidustat, have also completed phase III clinical trials for the treatment of
anemia associated with chronic kidney disease [166-168]. Although most previous clinical
research on these drugs has mainly focused on treating kidney disease, animal studies
have also demonstrated myocardial protection after PHD inhibitor treatment in rodent
models of myocardial ischemia-reperfusion injury or heart failure [169-173]. In addition,
PHD inhibitors are orally available and have shown favorable short-term safety profiles
that would make them ideal for the treatment of myocardial ischemia-reperfusion injury
for prophylactic treatments of patients undergoing cardiac surgery. For example, a phase II
clinical trial (ROXAMI, NCT04803864) on the efficacy and safety of roxadustat in the treat-
ment of patients with acute myocardial infarction is currently in the stage of recruitment.
Our anticipation is that more of these compounds will soon be trialed for cardioprotection
in patients.

5.2. Adenosine

Adenosine plays an important role in ischemia-reperfusion injury by improving post-
ischemic ventricular function, reducing neutrophil activity, and limiting myocardial necro-
sis and apoptosis [174]. Moreover, adenosine is crucial for ischemic preconditioning-
mediated cardiac protection in animal models by decreasing myocytes apoptosis after the
reperfusion [175]. Large-scale clinical trials have proven the efficacy of adenosine infusion
in reducing myocardial infarction size in patients experiencing acute MI [176-180]. The
Acute Myocardial Infarction Study with Adenosine (AMISTAD) trial found that adeno-
sine treatment resulted in a 33% relative reduction in infarct size, with a more profound
beneficial effect in patients with anterior wall infarction, although no reduction in the
composite endpoint (e.g., death, reinfarction, shock, congestive heart failure or stroke) was
observed [176]. The AMISTAD-II trial, which was designed as a follow-up trial of the
AMISTAD-I trial to focus on anterior wall ST-elevated patients, did not find adenosine
infusion to improve clinical outcomes. However, high-dose adenosine infusion significantly
reduced infarct size (infarct size: 11% in the high-dose group and 27% in the placebo group;
p = 0.023) [177]. In post-doc analysis of the AMISTAD-II trial, early adenosine infusion
with reperfusion therapy improved survival and the six-month composite outcome [178]
(Table 1). The Attenuation by Adenosine of Cardiac Complications (ATTACC) trial did not
demonstrate that low-dose adenosine improved left ventricular function at discharge in
patients with acute myocardial infarction receiving thrombolysis, but suggested a potential
benefit on long-term survival [179] (Table 1).



Biomedicines 2022, 10, 1939

12 0f 23

In addition to patients with acute myocardial infarction, adenosine has also been
evaluated in patients undergoing cardiac surgery. It was used either as an adjunct to
intermittent blood cardioplegia or as an intra-aortic infusion before the release of aortic
cross-clamp [181-184], and has been shown to be cardioprotective in some clinical studies
(Table 1). Despite favorable trial results, the clinical utility of systemic adenosine is limited
by its ultra-short intravascular half-life (<1 s) and its undesirable peripheral hemodynamic
side effects such as bradycardia and hypotension. Therefore, a more selective adenosine
activator will be highly valuable in providing myocardial protection and avoiding side
effects of adenosine at the same time.

5.3. Adenosine Receptor Agonists

Neladenoson bialanate is a partial adenosine A1 receptor agonist. Preclinical studies
have found that this medication could provide potential cardioprotection by improving mi-
tochondrial function, preventing ventricular remodeling, and reducing fibrosis, thereby pre-
venting ischemic injury [185]. There are two randomized, double-blind, placebo-controlled,
dose-finding Phase 2b trials investigating the effects of short-term neladenoson treatment
on cardiac structure, function or exercise capacity in patients with heart failure. However,
no significant beneficial effects were found [186,187] (Table 1).

Selective A2, receptor agonists are also investigated as a therapeutic approach for car-
diovascular diseases. The adenosine A24 receptor agonist regadenoson (Lexiscan; Astellas
Pharma Inc., Deerfield, Illinois, U.S.) is a commonly used agent for myocardial perfusion
imaging studies. The clinical utilization of this medication for myocardial protection has
not been validated.

Methotrexate, originally used as an anti-inflammatory drug for the treatment of
rheumatoid arthritis, has received attention in recent years for its anti-atherosclerotic effects
by increasing adenosine release and activating A2, receptors [188]. The cardiovascular
beneficial effect of methotrexate was initially found through several large retrospective
studies. Micha et al. [189], in a meta-analysis of 66,334 patients, found that methotrexate
at a median dose of 13-15 mg/week improved cardiovascular outcomes in patients with
systemic inflammation. Another meta-analysis by Roubille et al. [190] found that patients
with rheumatoid arthritis, psoriasis, or psoriatic arthritis on anti-rheumatic drugs treated
with methotrexate have a reduced risk of cardiovascular events. The additional study
indicated that methotrexate reduces cardiovascular related death mortality in patients with
rheumatoid arthritis [191]. Despite these promising findings, in a phase III clinical trial in
patients with stable coronary artery disease and Type 2 diabetes or metabolic syndrome
(CIRT), low-dose methotrexate failed to reduce the incidence of cardiovascular events
to meet the primary endpoint [192]. However, this trial was stopped early because low-
dose methotrexate failed to reduce levels of inflammatory mediators and the incidence of
cardiovascular events was similar to the placebo group (Table 1). Whether a higher dose
of methotrexate could provide myocardial protection in prospective RCT still needs to
be determined.

5.4. Adenosine Reuptake (ENT) Inhibitor

Equilibrative nucleoside transporter (ENT) inhibitors could serve as potential thera-
peutics for heart protection by potentiating the protective effects of adenosine. However,
currently, there are no clinical trials designed to investigate ENT inhibitors in myocardial
infarction. Only one study has attempted to assess the diagnostic and prognostic value
of serum Netrin-1 levels in patients undergoing coronary angiography for acute coronary
syndromes (Table 2). Future trials focusing on myocardial protection of ENT inhibitors will
hopefully shed some light on this promising therapy.
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Table 1. Summary of the cardiovascular outcomes in selected clinical trials of drugs targeting different steps of the adenosine pathway.

Studied Drug

Published
Year

Author

Trial Name

Patient Population

Sample Size

Intervention Assignments

Outcome

Adenosine

1999

2005

2006

2003

2014

1999

2018

Mahhafey et al. [176]

Ross et al. [177]

Kloner et al. [178]

Quintana et al. [179]

Garcia-Dorado et al.
[180]

Mentzer et al. [181]

Ammar et al. [184]

Acute Myocardial Infarction
Study of Adenosine
(AMISTADI)

AMISTAD-II

Post-hoc analysis of
AMISTAD-II

Attenuation by Adenosine of
Cardiac Complications
(ATTACC) study

Myocardial Protection with
Adenosine During Primary
Percutaneous Coronary
Intervention in Pts With
STEMI (PROMISE)

N/A

N/A

Patient with AMI undergoing
thrombolytic therapy

Patients with acute anterior
STEMI receiving thrombolysis
or primary angioplasty

Patients with acute anterior
STEMI

Patients with acute STEMI
receiving thrombolysis

Patients with STEMI receiving
percutaneous coronary
intervention (PCI) within 6 h of
symptom onset

Patients undergoing
CABG surgery

Patients undergoing
CABG surgery

236

2118

2118

608

201

253

60

Adenosine or placebo (saline) infusion
at 70 ng/kg/min for 3 h within 6 h of
MI onset.

Infusion of adenosine at 50 or
70 ng/kg/min or placebo for 3 h
within 6 h of MI, starting within
15 min before fibrinolysis or
percutaneous intervention.

Infusion of adenosine at 50 or
70 ng/kg/min or placebo for 3 h.

Adenosine or placebo (saline)
infusions at 10 pg/kg/min for 6 h at
the start of thrombolysis.

Intracoronary infusion of 10mL saline
with or without 4.5 mg adenosine
immediately prior to PCL

Cold blood cardioplegia, or
cardioplegia containing 500 uM or
2 mM adenosine.

Adenosine infusion (150 ng/kg/min)
for 10 min into the aortic root, starting
10 min before aortic
cross-clamp removal.

Adenosine infusion resulted in a 33% less
infarct size compared with placebo.

High-dose (70 pg/kg/min) adenosine
infusion significantly reduced infarct size
(placebo group vs. high-dose group:
27% vs. 11%).

In patients receiving early reperfusion
therapy (within 3.17 h after MI onset),
adenosine infusion significantly reduced
1-month and 6-month mortality and
incidence of composite clinical endpoints
(death, new onset CHF and re-hospitalization
for heart failure) at 6 months.
Adenosine infusion did not significantly
improve measurements of left ventricular
function when assessed by echocardiography
before hospital discharge. However, after
12 months of follow-up, adenosine treatment
appeared to be associated with a lower risk of
all-cause and cardiovascular mortality (about
4% reduction).

Adenosine treatment before PCI did not show
a beneficial effect on infarct size limitation.
However, it might benefit patients receiving
early PCI after symptom onset (less than
200 min) by reducing infarct size and
improving recovery of LVEF after ML
High-dose adenosine treatment was
associated with a lower rate of perioperative
myocardial infarction and adverse cardiac
events, and showed a trend toward lower
dopamine doses.

Adenosine postconditioning group showed
better cardiac function indices, lower cardiac
enzyme levels, lower incidence of arrhythmia,
less inotropic drug consumption, and shorter
ventilation time and ICU stay.
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Table 1. Cont.

Studied Drug Put;{]::md Author Trial Name Patient Population Sample Size Intervention Assignments Outcome
In patients with chronic HFrEF, neladenoson
A Trial to Study Neladenoson bialanate did not show a dose-dependent
I?;?:jriitsvgﬁeéﬁfo‘rzieézg?t Patients with chronic heart Neladenoson bialanate (5, 10, 20, 30, bgfcfiicéanl ecfafiéti;nbci?)ﬁ;iizgugru;f:;d
2019 Voors et al. [186] Failure with Reduced failure with reduced ejection 427 and 40 mg per day) or placebo over adverse car c/liac events (car diova/scular ) death
Neladenoson Lo . fraction (HFrEF) 20 weeks. IR .. !
bialanate (partial Ejection Fraction hospitalization or emergency visits for HF).
adenoslione (PANTHEON) However, a dose-dependent decrease in renal
Aq-receptor A Trial to Study Neladenoson function was observed.
agonist) . - . .
g;ﬁ;;?iﬁﬁ%ﬁ&ﬁ%;ﬁ Patients with heart failure with Neladenoson bialanate (5, 10, 20, 30, iﬁligizxg; Cilrlldezgﬁcsigeo‘c/\; aacl(i)tse (gﬁapr?n;iseﬁ:
2019 Shah et al. [187] . . preserved ejection fraction 305 and 40 mg per day) or placebo over prov pactty 8
Failure with Preserved (HFpEF) 20 weeks 6-min walk test results) in patients with
Ejection Fraction P : chronic HFpEFE.
(PANACHE)
Patients with stable coronary .
Cardiovascular Inflammation artery disease (MI or Low-dose methotrexate (15 to Lozrlg:r;inrgféﬁoxzrfsrjﬁx?ei ::}iuce
2019 Ridker et al. [192] - . multivessel coronary disease) 4786 . Y .
Reduction Trial (CIRT) and Type 2 diabetes or 20 mg/week) or placebo. cardiovascular events compared with
Methotrexate metabolic syndrome placebo.
Methotrexate Therapy on the For patients receiving methotrexate, their
. . . . s . . Methotrexate (7.5 mg/week) or . R
2009 Moreira et al. [193] 112};11;:2 }iﬁicg}é aorft I;:;tillir;? Patients ‘i:g;:?j’:]i?em chronic 50 placebo, plus folic acid (5 mg/week), NYHA score showed an improving trend, but

(METIS Trial)

for 12 weeks.

no significant change in 6-min walk test
results.

CABG: coronary artery bypass grafting; AMI: acute myocardial infarction; MI: myocardial infarction; STEMI: ST-elevation myocardial infarction; CHF: congestive heart failure;
PCI: percutaneous coronary intervention; LVEF: left ventricular ejection fraction; N/A: not available, NYHA score: New York Heart Association score.
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Table 2. Ongoing clinical trials targeting the Adenosine pathway for myocardial protection.

Clinical Trials. Gov

Studied Drug Trial Name Identifier Patient Population Purpose of Study
The Effect of TO 1nvest1.gate the

. . . cardioprotective effects of

Adenosine on Patients presenting adenosine enriched cardioplegia
. Myocardial Protection NCT02681913 for mini-invasive mitral . . ples
Adenosine . . in patients

in Intermittent Warm valve surgery . .. . .

. . undergoing minimally invasive
Blood Cardioplegia .
mitral valve surgery.

To assess the effect of 6-h

Adenosine’s Effect on adenosine infusion started
STunning Resolution in NCT05014061 Patients with acute before revascularization on the
Acute Myocardial STEMI recovery of myocardial akinesia

Infarction and cardiac function at 48 h in
patients with STEML

The Role of Netrin-1 in Patients diagnosed with To dgtermme the effect of serum
Acute Coronary acute coronary syndrome Netrin-1 levels on diagnosis and
Netrin-1 NCT04027127 . prognosis in patients presenting

Syndrome (ACS) and received to emereency department

(ACS-NETRIN-1) coronary angiography gency dep

with ACS.

STEMI: ST-elevation myocardial infarction; ACS: acute coronary syndrome.

6. Summary and Future Perspectives

Purinergic signaling events through the activation of extracellular adenosine receptors
have long been implicated in cardioprotection from ischemia-reperfusion injury [152,194-197].
More recent studies using mice with the genetic deletion of adenosine receptors globally,
or in individual tissue compartments, have provided additional insight into mechanisms
of adenosine-dependent cardioprotection. Moreover, many of these studies were able to
link purine metabolism and signaling with the activity of hypoxia-signaling and highlight
regulatory functions of HIF in coordinating adenosine-mediated cardioprotection. We are
now at a stage where multiple pharmacologic tools are available to modulate the hypoxia-
adenosine link for the treatment or prevention of myocardial ischemia-reperfusion injury.
These strategies include the use of orally available HIF activators, adenosine receptor
agonists, or adenosine transport inhibitors. We anticipated that clinical trials in patients
with myocardial infarction or in patients undergoing cardiac surgery will help to bring
those pharmacologic interventions from the research laboratory to the patient’s bedside.

Author Contributions: Conceptualization, H.K.E.; writing—original draft preparation, H.K.E. and
W.R,; writing—review and editing, W.R., X.Y,, Y.L, X M. and I.H.B.; visualization, W.R.; supervision,
TW.M,, K-L.T. and ].D.M.; project administration, HK.E. and W.R; funding acquisition, H.K.E. and
W.R. All authors have read and agreed to the published version of the manuscript.

Funding: National Institutes of Health Grants ROIHL154720, R01DK122796, ROIHL133900, and
Department of Defense Grant W81XWH2110032 to H.K.E.; Natural Science Foundation of Hunan
Province Grant 2018]]3736, Hunan Youth Talents Program 2021RC3034, 2022 International Anesthesia
Research Society Mentored Research Award to W.R.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Figures 1-5 were created with BioRender.com accessed on 31 July 2022.

Conflicts of Interest: The authors declare that they have no conflicts of interest.


BioRender.com

Biomedicines 2022, 10, 1939 16 of 23

References

1.  Eltzschig, HK.; Eckle, T. Ischemia and reperfusion—From mechanism to translation. Nat. Med. 2011, 17, 1391-1401. [CrossRef]
[PubMed]

2. Heusch, G. Myocardial ischaemia-reperfusion injury and cardioprotection in perspective. Nat. Rev. Cardiol. 2020, 17, 773-789.
[CrossRef] [PubMed]

3. Heusch, G. Cardioprotection: Chances and challenges of its translation to the clinic. Lancet 2013, 381, 166-175. [CrossRef]

4. Yellon, D.M.; Hausenloy, D.J. Myocardial reperfusion injury. N. Engl. ]. Med. 2007, 357, 1121-1135. [CrossRef]

5. Conrad, C,; Eltzschig, H.K. Disease Mechanisms of Perioperative Organ Injury. Anesth. Analg. 2020, 131, 1730-1750. [CrossRef]

6.  Bartels, K.; Karhausen, J.; Clambey, E.T.; Grenz, A ; Eltzschig, H.K. Perioperative organ injury. Anesthesiology 2013, 119, 1474-1489.
[CrossRef]

7. Koeppen, M,; Eckle, T.; Eltzschig, H.K. The hypoxia-inflammation link and potential drug targets. Curr. Opin. Anaesthesiol. 2011,
24,363-369. [CrossRef]

8.  Redel, A,; Jazbutyte, V.; Smul, T.M.; Lange, M.; Eckle, T.; Eltzschig, H.; Roewer, N.; Kehl, F. Impact of ischemia and reperfusion
times on myocardial infarct size in mice in vivo. Exp. Biol. Med. 2008, 233, 84-93. [CrossRef]

9.  Semenza, G.L. Pharmacologic Targeting of Hypoxia-Inducible Factors. Annu. Rev. Pharmacol. Toxicol. 2019, 59, 379-403. [CrossRef]

10. Semenza, G.L. Hypoxia-inducible factors in physiology and medicine. Cell 2012, 148, 399-408. [CrossRef]

11.  Poth, ].M.,; Brodsky, K.; Ehrentraut, H.; Grenz, A.; Eltzschig, H.K. Transcriptional control of adenosine signaling by hypoxia-
inducible transcription factors during ischemic or inflammatory disease. J. Mol. Med. 2013, 91, 183-193. [CrossRef] [PubMed]

12.  Colgan, S.P.; Eltzschig, H.K. Adenosine and hypoxia-inducible factor signaling in intestinal injury and recovery. Annu. Rev.
Physiol. 2012, 74, 153-175. [CrossRef] [PubMed]

13. Le, T.T,; Berg, N.K,; Harting, M.T; Li, X.; Eltzschig, HK.; Yuan, X. Purinergic Signaling in Pulmonary Inflammation. Front.
Immunol. 2019, 10, 1633. [CrossRef]

14. Ehrentraut, H.; Clambey, E.T.; McNamee, E.N.; Brodsky, K.S.; Ehrentraut, S.F; Poth, ].M.; Riegel, A K.; Westrich, J.A.; Colgan, S.P;
Eltzschig, H.K. CD73+ regulatory T cells contribute to adenosine-mediated resolution of acute lung injury. FASEB . 2013, 27,
2207-2219. [CrossRef] [PubMed]

15.  Eltzschig, H.K.; Weissmuller, T.; Mager, A.; Eckle, T. Nucleotide metabolism and cell-cell interactions. Methods Mol. Biol. 2006,
341, 73-87.

16. Eltzschig, HK.; Eckle, T.; Mager, A.; Kuper, N.; Karcher, C.; Weissmuller, T.; Boengler, K.; Schulz, R.; Robson, S.C.; Colgan, S.P.
ATP release from activated neutrophils occurs via connexin 43 and modulates adenosine-dependent endothelial cell function.
Circ. Res. 2006, 99, 1100-1108. [CrossRef]

17.  Wang, W.; Chen, N.Y.; Ren, D.; Davies, J.; Philip, K.; Eltzschig, H.K.; Blackburn, M.R.; Akkanti, B.; Karmouty-Quintana, H.;
Weng, T. Enhancing Extracellular Adenosine Levels Restores Barrier Function in Acute Lung Injury Through Expression of Focal
Adhesion Proteins. Front. Mol. Biosci. 2021, 8, 636678. [CrossRef]

18. Liu, H,; Zhang, Y.; Wu, H.; D’Alessandro, A.; Yegutkin, G.G.; Song, A.; Sun, K; Li, J.; Cheng, N.Y.; Huang, A.; et al. Beneficial
Role of Erythrocyte Adenosine A2B Receptor-Mediated AMP-Activated Protein Kinase Activation in High-Altitude Hypoxia.
Circulation 2016, 134, 405-421. [CrossRef]

19. Aherne, C.M; Collins, C.B.; Rapp, C.R.; Olli, K.E.; Perrenoud, L.; Jedlicka, P.; Bowser, ].L.; Mills, T.W.; Karmouty-Quintana, H.;
Blackburn, M.R.; et al. Coordination of ENT2-dependent adenosine transport and signaling dampens mucosal inflammation. JCI
Insight 2018, 3, €121521. [CrossRef]

20. Song, A.; Zhang, Y,; Han, L.; Yegutkin, G.G.; Liu, H.; Sun, K,; D’Alessandro, A.; Li, J.; Karmouty-Quintana, H.; Iriyama, T.; et al.
Erythrocytes retain hypoxic adenosine response for faster acclimatization upon re-ascent. Nat. Commun. 2017, 8, 14108. [CrossRef]

21. Eltzschig, HK.; Abdulla, P; Hoffman, E.; Hamilton, K.E.; Daniels, D.; Schonfeld, C.; Loffler, M.; Reyes, G.; Duszenko, M.;
Karhausen, J.; et al. HIF-1-dependent repression of equilibrative nucleoside transporter (ENT) in hypoxia. J. Exp. Med. 2005, 202,
1493-1505. [CrossRef] [PubMed]

22. Morote-Garcia, J.C.; Rosenberger, P.; Kuhlicke, J.; Eltzschig, H.K. HIF-1-dependent repression of adenosine kinase attenuates
hypoxia-induced vascular leak. Blood 2008, 111, 5571-5580. [CrossRef] [PubMed]

23. Eckle, T,; Kohler, D.; Lehmann, R.; El Kasmi, K.C.; Eltzschig, H.K. Hypoxia-Inducible Factor-1 Is Central to Cardioprotection: A
New Paradigm for Ischemic Preconditioning. Circulation 2008, 118, 166-175. [CrossRef] [PubMed]

24. Wang, G,; Jiang, B.; Rue, E.; Semenza, G. Hypoxia-Inducible Factor 1 is a Basic-Helix-Loop-Helix-PAS Heterodimer Regulated by
Cellular O2 Tension. Proc. Natl. Acad. Sci. USA 1995, 92, 5510-5514. [CrossRef] [PubMed]

25. Semenza, G.L.; Roth, PH.; Fang, H.M.; Wang, G.L. Transcriptional regulation of genes encoding glycolytic enzymes by hypoxia-
inducible factor 1. J. Biol. Chem. 1994, 269, 23757-23763. [CrossRef]

26. Wang, G.L.; Semenza, G.L. Characterization of hypoxia-inducible factor 1 and regulation of DNA binding activity by hypoxia. J.
Biol. Chem. 1993, 268, 21513-21518. [CrossRef]

27. Colgan, S.P; Furuta, G.T.; Taylor, C.T. Hypoxia and Innate Immunity: Keeping Up with the HIFsters. Annu. Rev. Immunol. 2020,
38, 341-363. [CrossRef]

28. Eltzschig, H.K,; Carmeliet, P. Hypoxia and inflammation. N. Engl. |. Med. 2011, 364, 656-665. [CrossRef]

29. Li, X; Berg, N.K,; Mills, T.; Zhang, K.; Eltzschig, H.K.; Yuan, X. Adenosine at the Interphase of Hypoxia and Inflammation in

Lung Injury. Front. Immunol. 2020, 11, 604944. [CrossRef]
g lnjury.


http://doi.org/10.1038/nm.2507
http://www.ncbi.nlm.nih.gov/pubmed/22064429
http://doi.org/10.1038/s41569-020-0403-y
http://www.ncbi.nlm.nih.gov/pubmed/32620851
http://doi.org/10.1016/S0140-6736(12)60916-7
http://doi.org/10.1056/NEJMra071667
http://doi.org/10.1213/ANE.0000000000005191
http://doi.org/10.1097/ALN.0000000000000022
http://doi.org/10.1097/ACO.0b013e32834873fd
http://doi.org/10.3181/0612-RM-308
http://doi.org/10.1146/annurev-pharmtox-010818-021637
http://doi.org/10.1016/j.cell.2012.01.021
http://doi.org/10.1007/s00109-012-0988-7
http://www.ncbi.nlm.nih.gov/pubmed/23263788
http://doi.org/10.1146/annurev-physiol-020911-153230
http://www.ncbi.nlm.nih.gov/pubmed/21942704
http://doi.org/10.3389/fimmu.2019.01633
http://doi.org/10.1096/fj.12-225201
http://www.ncbi.nlm.nih.gov/pubmed/23413361
http://doi.org/10.1161/01.RES.0000250174.31269.70
http://doi.org/10.3389/fmolb.2021.636678
http://doi.org/10.1161/CIRCULATIONAHA.116.021311
http://doi.org/10.1172/jci.insight.121521
http://doi.org/10.1038/ncomms14108
http://doi.org/10.1084/jem.20050177
http://www.ncbi.nlm.nih.gov/pubmed/16330813
http://doi.org/10.1182/blood-2007-11-126763
http://www.ncbi.nlm.nih.gov/pubmed/18309031
http://doi.org/10.1161/CIRCULATIONAHA.107.758516
http://www.ncbi.nlm.nih.gov/pubmed/18591435
http://doi.org/10.1073/pnas.92.12.5510
http://www.ncbi.nlm.nih.gov/pubmed/7539918
http://doi.org/10.1016/S0021-9258(17)31580-6
http://doi.org/10.1016/S0021-9258(20)80571-7
http://doi.org/10.1146/annurev-immunol-100819-121537
http://doi.org/10.1056/NEJMra0910283
http://doi.org/10.3389/fimmu.2020.604944

Biomedicines 2022, 10, 1939 17 of 23

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Lee, JW.; Ko, J.; Ju, C.; Eltzschig, H.K. Hypoxia signaling in human diseases and therapeutic targets. Exp. Mol. Med. 2019, 51,
1-13. [CrossRef]

Yuan, X.; Lee, ] W.; Bowser, ].L.; Neudecker, V.; Sridhar, S.; Eltzschig, H K. Targeting Hypoxia Signaling for Perioperative Organ
Injury. Anesth. Analg. 2018, 126, 308-321. [CrossRef]

Taylor, C.T.; Colgan, S.P. Regulation of immunity and inflammation by hypoxia in immunological niches. Nat. Rev. Immunol.
2017, 17, 774-785. [CrossRef] [PubMed]

Fraisl, P.; Aragones, ].; Carmeliet, P. Inhibition of oxygen sensors as a therapeutic strategy for ischaemic and inflammatory disease.
Nat. Rev. Drug Discov. 2009, 8, 139-152. [CrossRef]

Brown, E.; Rowan, C.; Strowitzki, M.].; Fagundes, R.R.; Faber, K.N.; Guntsch, A.; Halligan, D.N.; Kugler, J.; Jones, E; Lee, C.T.;
et al. Mucosal inflammation downregulates PHD1 expression promoting a barrier-protective HIF-1alpha response in ulcerative
colitis patients. FASEB |. 2020, 34, 3732-3742. [CrossRef] [PubMed]

Kennel, K.B.; Burmeister, J.; Schneider, M.; Taylor, C.T. The PHD1 oxygen sensor in health and disease. J. Physiol. 2018, 596,
3899-3913. [CrossRef] [PubMed]

Tambuwala, M.M.; Cummins, E.P.; Lenihan, C.R.; Kiss, J.; Stauch, M.; Scholz, C.C.; Fraisl, P.; Lasitschka, E; Mollenhauer, M.;
Saunders, S.P; et al. Loss of prolyl hydroxylase-1 protects against colitis through reduced epithelial cell apoptosis and increased
barrier function. Gastroenterology 2010, 139, 2093-2101. [CrossRef] [PubMed]

Bowser, ].L.; Phan, L.H.; Eltzschig, H.K. The Hypoxia-Adenosine Link during Intestinal Inflammation. J. Immunol. 2018, 200,
897-907. [CrossRef]

Koeppen, M.; Eckle, T.; Eltzschig, H.K. Interplay of hypoxia and A2B adenosine receptors in tissue protection. Adv. Pharmacol.
2011, 61, 145-186.

Semenza, G.L. Targeting HIF-1 for cancer therapy. Nat. Rev. Cancer 2003, 3, 721-732. [CrossRef]

Kelly, C.J.; Zheng, L.; Campbell, E.L.; Saeedi, B.; Scholz, C.C.; Bayless, A.].; Wilson, K.E.; Glover, L.E.; Kominsky, D.].; Magnuson,
A.; et al. Crosstalk between Microbiota-Derived Short-Chain Fatty Acids and Intestinal Epithelial HIF Augments Tissue Barrier
Function. Cell Host Microbe 2015, 17, 662—-671. [CrossRef]

Cartwright, LM.; Dowdell, A.S.; Lanis, ].M.; Brink, K.R.; Mu, A.; Kostelecky, R.E.; Schaefer, R.E.M.; Welch, N.; Onyiah, ].C.; Hall,
C.H.T,; et al. Mucosal acidosis elicits a unique molecular signature in epithelia and intestinal tissue mediated by GPR31-induced
CREB phosphorylation. Proc. Natl. Acad. Sci. USA 2021, 118, e2023871118. [CrossRef] [PubMed]

Vohwinkel, C.U.; Coit, E.J.; Burns, N.; Elajaili, H.; Hernandez-Saavedra, D.; Yuan, X.; Eckle, T.; Nozik, E.; Tuder, R.M.; Eltzschig,
H.K. Targeting alveolar-specific succinate dehydrogenase A attenuates pulmonary inflammation during acute lung injury. FASEB
J. 2021, 35, €21468. [CrossRef] [PubMed]

Eckle, T.; Brodsky, K.; Bonney, M.; Packard, T.; Han, J.; Borchers, C.H.; Mariani, T.J.; Kominsky, D.].; Mittelbronn, M.; Eltzschig,
H.K. HIF1A reduces acute lung injury by optimizing carbohydrate metabolism in the alveolar epithelium. PLoS Biol. 2013, 11,
€1001665. [CrossRef] [PubMed]

Eltzschig, H.K.; Bratton, D.L.; Colgan, S.P. Targeting hypoxia signalling for the treatment of ischaemic and inflammatory diseases.
Nat. Rev. Drug Discov. 2014, 13, 852-869. [CrossRef] [PubMed]

Manalo, D.J.; Rowan, A.; Lavoie, T.; Natarajan, L.; Kelly, B.D.; Ye, S.Q.; Garcia, ].G.N.; Semenza, G.L. Transcriptional regulation of
vascular endothelial cell responses to hypoxia by HIF-1. Blood 2005, 105, 659-669. [CrossRef]

Bowser, J.L.; Lee, ].W.; Yuan, X; Eltzschig, H.K. The Hypoxia-Adenosine Link during Inflammation. J. Appl. Physiol. 2017, 123,
1303-1320. [CrossRef]

Berg, N.K,; Li, J.; Kim, B.; Mills, T.; Pei, G.; Zhao, Z.; Li, X.; Zhang, X.; Ruan, W.; Eltzschig, HK; et al. Hypoxia-inducible
factor-dependent induction of myeloid-derived netrin-1 attenuates natural killer cell infiltration during endotoxin-induced lung
injury. FASEB J. 2021, 35, €21334. [CrossRef]

Zheng, W.; Kuhlicke, J.; Jackel, K.; Eltzschig, H.K.; Singh, A.; Sjoblom, M.; Riederer, B.; Weinhold, C.; Seidler, U.; Colgan, S.P; et al.
Hypoxia inducible factor-1 (HIF-1)-mediated repression of cystic fibrosis transmembrane conductance regulator (CFTR) in the
intestinal epithelium. FASEB J. 2009, 23, 204-213. [CrossRef]

Morote-Garcia, J.C.; Rosenberger, P.; Nivillac, N.M.; Coe, L.R.; Eltzschig, H.K. Hypoxia-inducible factor-dependent repression of
equilibrative nucleoside transporter 2 attenuates mucosal inflammation during intestinal hypoxia. Gastroenterology 2009, 136,
607-618. [CrossRef]

Bruning, U.; Cerone, L.; Neufeld, Z.; Fitzpatrick, S.E; Cheong, A.; Scholz, C.C.; Simpson, D.A.; Leonard, M.O.; Tambuwala, M.M,;
Cummins, E.P; et al. MicroRNA-155 promotes resolution of hypoxia-inducible factor lalpha activity during prolonged hypoxia.
Mol. Cell. Biol. 2011, 31, 4087-4096. [CrossRef]

Ju, C; Wang, M,; Tak, E.; Kim, B.; Emontzpohl, C.; Yang, Y.; Yuan, X.; Kutay, H.; Liang, Y.; Hall, D.R; et al. Hypoxia-inducible
factor-lalpha-dependent induction of miR122 enhances hepatic ischemia tolerance. J. Clin. Investig. 2021, 131, €140300. [CrossRef]
[PubMed]

Koeppen, M,; Lee, ].W,; Seo, S.W.; Brodsky, K.S.; Kreth, S.; Yang, I.V.,; Buttrick, PM.; Eckle, T.; Eltzschig, H.K. Hypoxia-inducible
factor 2-alpha-dependent induction of amphiregulin dampens myocardial ischemia-reperfusion injury. Nat. Commun. 2018, 9,
816. [CrossRef] [PubMed]

Eltzschig, H.K.; Bonney, S.K.; Eckle, T. Attenuating myocardial ischemia by targeting A2B adenosine receptors. Trends Mol. Med.
2013, 19, 345-354. [CrossRef] [PubMed]


http://doi.org/10.1038/s12276-019-0235-1
http://doi.org/10.1213/ANE.0000000000002288
http://doi.org/10.1038/nri.2017.103
http://www.ncbi.nlm.nih.gov/pubmed/28972206
http://doi.org/10.1038/nrd2761
http://doi.org/10.1096/fj.201902103R
http://www.ncbi.nlm.nih.gov/pubmed/31944416
http://doi.org/10.1113/JP275327
http://www.ncbi.nlm.nih.gov/pubmed/29435987
http://doi.org/10.1053/j.gastro.2010.06.068
http://www.ncbi.nlm.nih.gov/pubmed/20600011
http://doi.org/10.4049/jimmunol.1701414
http://doi.org/10.1038/nrc1187
http://doi.org/10.1016/j.chom.2015.03.005
http://doi.org/10.1073/pnas.2023871118
http://www.ncbi.nlm.nih.gov/pubmed/33972436
http://doi.org/10.1096/fj.202002778R
http://www.ncbi.nlm.nih.gov/pubmed/33687752
http://doi.org/10.1371/journal.pbio.1001665
http://www.ncbi.nlm.nih.gov/pubmed/24086109
http://doi.org/10.1038/nrd4422
http://www.ncbi.nlm.nih.gov/pubmed/25359381
http://doi.org/10.1182/blood-2004-07-2958
http://doi.org/10.1152/japplphysiol.00101.2017
http://doi.org/10.1096/fj.202002407R
http://doi.org/10.1096/fj.08-110221
http://doi.org/10.1053/j.gastro.2008.10.037
http://doi.org/10.1128/MCB.01276-10
http://doi.org/10.1172/JCI140300
http://www.ncbi.nlm.nih.gov/pubmed/33792566
http://doi.org/10.1038/s41467-018-03105-2
http://www.ncbi.nlm.nih.gov/pubmed/29483579
http://doi.org/10.1016/j.molmed.2013.02.005
http://www.ncbi.nlm.nih.gov/pubmed/23540714

Biomedicines 2022, 10, 1939 18 of 23

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

Lee, J.W.; Koeppen, M.; Seo, S.W.; Bowser, J.L.; Yuan, X.; Li, J.; Sibilia, M.; Ambardekar, A.V.; Zhang, X.; Eckle, T.; et al.
Transcription-independent Induction of ERBB1 through Hypoxia-inducible Factor 2A Provides Cardioprotection during Ischemia
and Reperfusion. Anesthesiology 2020, 132, 763-780. [CrossRef] [PubMed]

Gao, R.Y,; Wang, M,; Liu, Q.; Feng, D.; Wen, Y.; Xia, Y.; Colgan, S.P.; Eltzschig, HK.; Ju, C. Hypoxia-Inducible Factor-2alpha
Reprograms Liver Macrophages to Protect Against Acute Liver Injury Through the Production of Interleukin-6. Hepatology 2020,
71,2105-2117. [CrossRef]

Eckle, T.; Hartmann, K.; Bonney, S.; Reithel, S.; Mittelbronn, M.; Walker, L.A.; Lowes, B.D.; Han, J.; Borchers, C.H.; Buttrick,
PM.; et al. Adora2b-elicited Per2 stabilization promotes a HIF-dependent metabolic switch crucial for myocardial adaptation to
ischemia. Nat. Med. 2012, 18, 774-782. [CrossRef]

Chertow, G.M.; Pergola, P.E.; Farag, YM.K,; Agarwal, R.; Arnold, S.; Bako, G.; Block, G.A.; Burke, S.; Castillo, EP.; Jardine, A.G;
et al. Vadadustat in Patients with Anemia and Non-Dialysis-Dependent CKD. N. Engl. |. Med. 2021, 384, 1589-1600. [CrossRef]
Kaplan, J. Roxadustat and Anemia of Chronic Kidney Disease. N. Engl. |. Med. 2019, 381, 1070-1072. [CrossRef]

Chen, N.; Hao, C.; Peng, X,; Lin, H.; Yin, A.; Hao, L.; Tao, Y; Liang, X,; Liu, Z.; Xing, C.; et al. Roxadustat for Anemia in Patients
with Kidney Disease Not Receiving Dialysis. N. Engl. ]. Med. 2019, 381, 1001-1010. [CrossRef]

Chen, N.; Hao, C.; Liu, B.C,; Lin, H.; Wang, C.; Xing, C.; Liang, X.; Jiang, G; Liu, Z.; Li, X,; et al. Roxadustat Treatment for Anemia
in Patients Undergoing Long-Term Dialysis. N. Engl. ]. Med. 2019, 381, 1011-1022. [CrossRef]

Kiers, D.; Wielockx, B.; Peters, E.; van Eijk, L.T.; Gerretsen, J.; John, A.; Janssen, E.; Groeneveld, R.; Peters, M.; Damen, L.; et al.
Short-Term Hypoxia Dampens Inflammation in vivo via Enhanced Adenosine Release and Adenosine 2B Receptor Stimulation.
EBioMedicine 2018, 33, 144-156. [CrossRef] [PubMed]

Kiers, H.D.; Scheffer, G.]J.; van der Hoeven, J.G.; Eltzschig, H.K,; Pickkers, P.; Kox, M. Inmunologic Consequences of Hypoxia
during Critical Illness. Anesthesiology 2016, 125, 237-249. [CrossRef] [PubMed]

Hasko, G.; Antonioli, L.; Cronstein, B.N. Adenosine metabolism, immunity and joint health. Biochem. Pharmacol. 2018, 151,
307-313. [CrossRef] [PubMed]

Ferrari, D.; McNamee, E.N.; Idzko, M.; Gambari, R.; Eltzschig, H.K. Purinergic Signaling During Immune Cell Trafficking. Trends
Immunol. 2016, 37, 399—-411. [CrossRef] [PubMed]

Ferrari, D.; Bianchi, N.; Eltzschig, H.K.; Gambari, R. MicroRNAs Modulate the Purinergic Signaling Network. Trends Mol. Med.
2016, 22, 905-918. [CrossRef]

Idzko, M.; Ferrari, D.; Riegel, A.K.; Eltzschig, H.K. Extracellular nucleotide and nucleoside signaling in vascular and blood
disease. Blood 2014, 124, 1029-1037. [CrossRef]

Idzko, M.; Ferrari, D.; Eltzschig, H.K. Nucleotide signalling during inflammation. Nature 2014, 509, 310-317. [CrossRef]
Eltzschig, H.K.; Sitkovsky, M. V.; Robson, S.C. Purinergic signaling during inflammation. N. Engl. ]. Med. 2012, 367, 2322-2333.
[CrossRef]

Hasko, G.; Csoka, B.; Nemeth, Z.H.; Vizi, E.S.; Pacher, P. A(2B) adenosine receptors in immunity and inflammation. Trends
Immunol. 2009, 30, 263-270. [CrossRef]

Koeppen, M.; Eckle, T.; Eltzschig, H.K. Selective deletion of the A1l adenosine receptor abolishes heart-rate slowing effects of
intravascular adenosine in vivo. PLoS ONE 2009, 4, e6784. [CrossRef]

Sitkovsky, M.V.; Lukashev, D.; Apasov, S.; Kojima, H.; Koshiba, M.; Caldwell, C.; Ohta, A.; Thiel, M. Physiological control of
immune response and inflammatory tissue damage by hypoxia-inducible factors and adenosine A2A receptors. Annu. Rev.
Immunol. 2004, 22, 657-682. [CrossRef] [PubMed]

Ohta, A.; Sitkovsky, M. Role of G-protein-coupled adenosine receptors in downregulation of inflammation and protection from
tissue damage. Nature 2001, 414, 916-920. [CrossRef] [PubMed]

Koscso, B.; Trepakov, A.; Csoka, B.; Nemeth, Z.H.; Pacher, P; Eltzschig, H.K.; Hasko, G. Stimulation of A2B adenosine receptors
protects against trauma-hemorrhagic shock-induced lung injury. Purinergic Signal. 2013, 9, 427-432. [CrossRef] [PubMed]
Nemeth, Z.H.; Lutz, C.S.; Csoka, B.; Deitch, E.A.; Leibovich, S.J.; Gause, W.C.; Tone, M.; Pacher, P,; Vizi, E.S.; Hasko, G. Adenosine
augments IL-10 production by macrophages through an A2B receptor-mediated posttranscriptional mechanism. J. Immunol. 2005,
175, 8260-8270. [CrossRef]

Cronstein, B.N.; Daguma, L.; Nichols, D.; Hutchison, A.]J.; Williams, M. The adenosine/neutrophil paradox resolved: Human
neutrophils possess both A1 and A2 receptors that promote chemotaxis and inhibit O2 generation, respectively. J. Clin. Investig.
1990, 85, 1150-1157. [CrossRef]

Hasko, G.; Linden, J.; Cronstein, B.; Pacher, P. Adenosine receptors: Therapeutic aspects for inflammatory and immune diseases.
Nat. Rev. Drug Discov. 2008, 7, 759-770. [CrossRef]

Hasko, G.; Cronstein, B.N. Adenosine: An endogenous regulator of innate immunity. Trends Immunol. 2004, 25, 33-39. [CrossRef]
Loffler, M.; Morote-Garcia, J.C.; Eltzschig, S.A.; Coe, LR.; Eltzschig, H.K. Physiological roles of vascular nucleoside transporters.
Arter. Thromb. Vasc. Biol. 2007, 27, 1004-1013. [CrossRef]

Zhang, Y.; Dai, Y.; Wen, J.; Zhang, W.; Grenz, A.; Sun, H.; Tao, L.; Lu, G.; Alexander, D.C.; Milburn, M.V,; et al. Detrimental effects
of adenosine signaling in sickle cell disease. Nat. Med. 2011, 17, 79-86. [CrossRef]

Van Linden, A.; Eltzschig, H.K. Role of pulmonary adenosine during hypoxia: Extracellular generation, signaling and metabolism
by surface adenosine deaminase/CD26. Expert Opin. Biol. Ther. 2007, 7, 1437-1447. [CrossRef]


http://doi.org/10.1097/ALN.0000000000003037
http://www.ncbi.nlm.nih.gov/pubmed/31794514
http://doi.org/10.1002/hep.30954
http://doi.org/10.1038/nm.2728
http://doi.org/10.1056/NEJMoa2035938
http://doi.org/10.1056/NEJMe1908978
http://doi.org/10.1056/NEJMoa1813599
http://doi.org/10.1056/NEJMoa1901713
http://doi.org/10.1016/j.ebiom.2018.06.021
http://www.ncbi.nlm.nih.gov/pubmed/29983349
http://doi.org/10.1097/ALN.0000000000001163
http://www.ncbi.nlm.nih.gov/pubmed/27183167
http://doi.org/10.1016/j.bcp.2018.02.002
http://www.ncbi.nlm.nih.gov/pubmed/29427624
http://doi.org/10.1016/j.it.2016.04.004
http://www.ncbi.nlm.nih.gov/pubmed/27142306
http://doi.org/10.1016/j.molmed.2016.08.006
http://doi.org/10.1182/blood-2013-09-402560
http://doi.org/10.1038/nature13085
http://doi.org/10.1056/NEJMra1205750
http://doi.org/10.1016/j.it.2009.04.001
http://doi.org/10.1371/journal.pone.0006784
http://doi.org/10.1146/annurev.immunol.22.012703.104731
http://www.ncbi.nlm.nih.gov/pubmed/15032592
http://doi.org/10.1038/414916a
http://www.ncbi.nlm.nih.gov/pubmed/11780065
http://doi.org/10.1007/s11302-013-9362-7
http://www.ncbi.nlm.nih.gov/pubmed/23584760
http://doi.org/10.4049/jimmunol.175.12.8260
http://doi.org/10.1172/JCI114547
http://doi.org/10.1038/nrd2638
http://doi.org/10.1016/j.it.2003.11.003
http://doi.org/10.1161/ATVBAHA.106.126714
http://doi.org/10.1038/nm.2280
http://doi.org/10.1517/14712598.7.9.1437

Biomedicines 2022, 10, 1939 19 of 23

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Eltzschig, H.K.; Faigle, M.; Knapp, S.; Karhausen, J.; Ibla, J.; Rosenberger, P.; Odegard, K.C.; Laussen, P.C.; Thompson, L.E;
Colgan, S.P. Endothelial catabolism of extracellular adenosine during hypoxia: The role of surface adenosine deaminase and
CD26. Blood 2006, 108, 1602-1610. [CrossRef] [PubMed]

Eltzschig, H.K.; Macmanus, C.F,; Colgan, S.P. Neutrophils as Sources of Extracellular Nucleotides: Functional Consequences at
the Vascular Interface. Trends Cardiovasc. Med. 2008, 18, 103-107. [CrossRef]

Faigle, M.; Seessle, J.; Zug, S.; El Kasmi, K.C.; Eltzschig, H.K. ATP release from vascular endothelia occurs across Cx43
hemichannels and is attenuated during hypoxia. PLoS ONE 2008, 3, e2801. [CrossRef] [PubMed]

Chekeni, F.B.; Elliott, M.R.; Sandilos, ].K.; Walk, S.E,; Kinchen, ].M.; Lazarowski, E.R.; Armstrong, A.]J.; Penuela, S.; Laird, D.W,;
Salvesen, G.S.; et al. Pannexin 1 channels mediate ‘find-me’ signal release and membrane permeability during apoptosis. Nature
2010, 467, 863-867. [CrossRef] [PubMed]

Ravichandran, K.S. Beginnings of a good apoptotic meal: The find-me and eat-me signaling pathways. Immunity 2011, 35, 445-455.
[CrossRef]

Elliott, M.R.; Chekeni, F.B.; Trampont, P.C.; Lazarowski, E.R.; Kadl, A.; Walk, S.F.; Park, D.; Woodson, R.I.; Ostankovich, M.;
Sharma, P; et al. Nucleotides released by apoptotic cells act as a find-me signal to promote phagocytic clearance. Nature 2009, 461,
282-286. [CrossRef]

Antonioli, L.; Pacher, P; Vizi, E.S.; Hasko, G. CD39 and CD73 in immunity and inflammation. Trends Mol. Med. 2013, 19, 355-367.
[CrossRef]

Kaczmarek, E.; Koziak, K.; Sevigny, J.; Siegel, ].B.; Anrather, J.; Beaudoin, A.R.; Bach, EH.; Robson, S.C. Identification and
characterization of CD39/vascular ATP diphosphohydrolase. J. Biol. Chem. 1996, 271, 33116-33122. [CrossRef]

Enjyoji, K; Sevigny, J.; Lin, Y.; Frenette, P.S.; Christie, P.D.; Esch, ].S., 2nd; Imai, M.; Edelberg, ] M.; Rayburn, H.; Lech, M.; et al.
Targeted disruption of cd39/ATP diphosphohydrolase results in disordered hemostasis and thromboregulation. Nat. Med. 1999,
5,1010-1017. [CrossRef]

Kohler, D.; Eckle, T.; Faigle, M.; Grenz, A.; Mittelbronn, M.; Laucher, S.; Hart, M.L.; Robson, S.C.; Muller, C.E.; Eltzschig, H.K.
CD39/ectonucleoside triphosphate diphosphohydrolase 1 provides myocardial protection during cardiac ischemia/reperfusion
injury. Circulation 2007, 116, 1784-1794. [CrossRef]

Eckle, T.; Grenz, A.; Kohler, D.; Redel, A.; Falk, M.; Rolauffs, B.; Osswald, H.; Kehl, F; Eltzschig, H.K. Systematic evaluation of a
novel model for cardiac ischemic preconditioning in mice. Am. J. Physiol. Circ. Physiol. 2006, 291, H2533-H2540. [CrossRef]
Murry, C.E.; Jennings, R.B.; Reimer, K.A. Preconditioning with ischemia: A delay of lethal cell injury in ischemic myocardium.
Circulation 1986, 74, 1124-1136. [CrossRef] [PubMed]

Eltzschig, HK,; Ibla, ].C.; Furuta, G.T.; Leonard, M.O.; Jacobson, K.A.; Enjyoji, K.; Robson, S.C.; Colgan, S.P. Coordinated adenine
nucleotide phosphohydrolysis and nucleoside signaling in posthypoxic endothelium: Role of ectonucleotidases and adenosine
A2B receptors. J. Exp. Med. 2003, 198, 783-796. [CrossRef]

Synnestvedt, K.; Furuta, G.T.; Comerford, K.M.; Louis, N.; Karhausen, J.; Eltzschig, H.K.; Hansen, K.R.; Thompson, L.E; Colgan,
S.P. Ecto-5’-nucleotidase (CD73) regulation by hypoxia-inducible factor-1 mediates permeability changes in intestinal epithelia. J.
Clin. Investig. 2002, 110, 993-1002. [CrossRef] [PubMed]

Eckle, T.; Fullbier, L.; Wehrmann, M.; Khoury, J.; Mittelbronn, M.; Ibla, J.; Rosenberger, P.; Eltzschig, H.K. Identification of
ectonucleotidases CD39 and CD73 in innate protection during acute lung injury. J. Immunol. 2007, 178, 8127-8137. [CrossRef]
[PubMed]

Eltzschig, H.K.; Thompson, L.F,; Karhausen, J.; Cotta, R.J.; Ibla, J.C.; Robson, S.C.; Colgan, S.P. Endogenous adenosine produced
during hypoxia attenuates neutrophil accumulation: Coordination by extracellular nucleotide metabolism. Blood 2004, 104,
3986-3992. [CrossRef]

Hart, M.L.; Gorzolla, I.C.; Schittenhelm, J.; Robson, S.C.; Eltzschig, H.K. SP1-dependent induction of CD39 facilitates hepatic
ischemic preconditioning. J. Immunol. 2010, 184, 4017-4024. [CrossRef]

Eltzschig, H.K.; Kohler, D.; Eckle, T.; Kong, T.; Robson, S.C.; Colgan, S.P. Central role of Sp1-regulated CD39 in hypoxia/ischemia
protection. Blood 2009, 113, 224-232. [CrossRef]

Colgan, S.P,; Eltzschig, H.K.; Eckle, T.; Thompson, L.E. Physiological roles for ecto-5-nucleotidase (CD73). Purinergic Signal. 2006,
2, 351-360. [CrossRef]

Thompson, L.E,; Eltzschig, H.K; Ibla, J.C.; Van De Wiele, C.J.; Resta, R.; Morote-Garcia, J.C.; Colgan, S.P. Crucial role for
ecto-5"-nucleotidase (CD73) in vascular leakage during hypoxia. J. Exp. Med. 2004, 200, 1395-1405. [CrossRef]

Eckle, T.; Krahn, T.; Grenz, A.; Kohler, D.; Mittelbronn, M.; Ledent, C.; Jacobson, M.A.; Osswald, H.; Thompson, L.E,; Unertl, K,;
et al. Cardioprotection by ecto-5-nucleotidase (CD73) and A2B adenosine receptors. Circulation 2007, 115, 1581-1590. [CrossRef]
[PubMed]

Reichelt, M.E.; Willems, L.; Molina, J.G.; Sun, C.X.; Noble, J.C.; Ashton, K.J.; Schnermann, J.; Blackburn, M.R.; Headrick, J.P.
Genetic deletion of the Al adenosine receptor limits myocardial ischemic tolerance. Circ. Res. 2005, 96, 363-367. [CrossRef]
[PubMed]

Auchampach, J.A,; Jin, X.; Moore, J.; Wan, T.C.; Kreckler, LM.; Ge, Z.D.; Narayanan, J.; Whalley, E.; Kiesman, W.; Ticho, B.; et al.
Comparison of three different A1 adenosine receptor antagonists on infarct size and multiple cycle ischemic preconditioning in
anesthetized dogs. J. Pharmacol. Exp. Ther. 2004, 308, 846-856. [CrossRef]


http://doi.org/10.1182/blood-2006-02-001016
http://www.ncbi.nlm.nih.gov/pubmed/16670267
http://doi.org/10.1016/j.tcm.2008.01.006
http://doi.org/10.1371/journal.pone.0002801
http://www.ncbi.nlm.nih.gov/pubmed/18665255
http://doi.org/10.1038/nature09413
http://www.ncbi.nlm.nih.gov/pubmed/20944749
http://doi.org/10.1016/j.immuni.2011.09.004
http://doi.org/10.1038/nature08296
http://doi.org/10.1016/j.molmed.2013.03.005
http://doi.org/10.1074/jbc.271.51.33116
http://doi.org/10.1038/12447
http://doi.org/10.1161/CIRCULATIONAHA.107.690180
http://doi.org/10.1152/ajpheart.00472.2006
http://doi.org/10.1161/01.CIR.74.5.1124
http://www.ncbi.nlm.nih.gov/pubmed/3769170
http://doi.org/10.1084/jem.20030891
http://doi.org/10.1172/JCI0215337
http://www.ncbi.nlm.nih.gov/pubmed/12370277
http://doi.org/10.4049/jimmunol.178.12.8127
http://www.ncbi.nlm.nih.gov/pubmed/17548651
http://doi.org/10.1182/blood-2004-06-2066
http://doi.org/10.4049/jimmunol.0901851
http://doi.org/10.1182/blood-2008-06-165746
http://doi.org/10.1007/s11302-005-5302-5
http://doi.org/10.1084/jem.20040915
http://doi.org/10.1161/CIRCULATIONAHA.106.669697
http://www.ncbi.nlm.nih.gov/pubmed/17353435
http://doi.org/10.1161/01.RES.0000156075.00127.C3
http://www.ncbi.nlm.nih.gov/pubmed/15653569
http://doi.org/10.1124/jpet.103.057943

Biomedicines 2022, 10, 1939 20 of 23

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.
125.
126.
127.
128.

129.

Takano, H.; Bolli, R.; Black, R.G,, Jr.; Kodani, E.; Tang, X.L.; Yang, Z.; Bhattacharya, S.; Auchampach, J.A. A(1) or A(3) adenosine
receptors induce late preconditioning against infarction in conscious rabbits by different mechanisms. Circ. Res. 2001, 88, 520-528.
[CrossRef] [PubMed]

Eckle, T.; Faigle, M.; Grenz, A.; Laucher, S.; Thompson, L.F.; Eltzschig, H.K. A2B adenosine receptor dampens hypoxia-induced
vascular leak. Blood 2008, 111, 2024-2035. [CrossRef]

Revan, S.; Montesinos, M.C.; Naime, D.; Landau, S.; Cronstein, B.N. Adenosine A2 receptor occupancy regulates stimulated
neutrophil function via activation of a serine/threonine protein phosphatase. J. Biol. Chem. 1996, 271, 17114-17118. [CrossRef]
Hoegl, S.; Brodsky, K.S.; Blackburn, M.R.; Karmouty-Quintana, H.; Zwissler, B.; Eltzschig, H.K. Alveolar Epithelial A2B Adenosine
Receptors in Pulmonary Protection during Acute Lung Injury. J. Immunol. 2015, 195, 1815-1824. [CrossRef]

Eckle, T.; Hughes, K.; Ehrentraut, H.; Brodsky, K.S.; Rosenberger, P.; Choi, D.S.; Ravid, K.; Weng, T.; Xia, Y.; Blackburn, M.R; et al.
Crosstalk between the equilibrative nucleoside transporter ENT2 and alveolar Adora2b adenosine receptors dampens acute lung
injury. FASEB . 2013, 27, 3078-3089. [CrossRef]

Hesse, J.; Groterath, W.; Owenier, C.; Steinhausen, J.; Ding, Z.; Steckel, B.; Czekelius, C.; Alter, C.; Marzoq, A.; Schrader, J.
Normoxic induction of HIF-1alpha by adenosine-A2B R signaling in epicardial stromal cells formed after myocardial infarction.
FASEB J. 2021, 35, e21517. [CrossRef]

Aherne, C.M.; Saeedi, B.; Collins, C.B.; Masterson, J.C.; McNamee, E.N.; Perrenoud, L.; Rapp, C.R.; Curtis, V.F,; Bayless, A.;
Fletcher, A ; et al. Epithelial-specific A2B adenosine receptor signaling protects the colonic epithelial barrier during acute colitis.
Mucosal. Immunol. 2015, 8, 699. [CrossRef]

Ehrentraut, H.; Westrich, J.A.; Eltzschig, H.K.; Clambey, E.T. Adora2b Adenosine Receptor Engagement Enhances Regulatory T
Cell Abundance during Endotoxin-Induced Pulmonary Inflammation. PLoS ONE 2012, 7, €32416. [CrossRef] [PubMed]

Lu, B.; Rajakumar, S.V.; Robson, S.C.; Lee, E.K.; Crikis, S.; d’Apice, A.].; Cowan, P.J.; Dwyer, KM. The impact of purinergic
signaling on renal ischemia-reperfusion injury. Transplantation 2008, 86, 1707-1712. [CrossRef]

Deaglio, S.; Dwyer, KM.; Gao, W.; Friedman, D.; Usheva, A.; Erat, A.; Chen, J.F; Enjyoji, K.; Linden, J.; Oukka, M.; et al.
Adenosine generation catalyzed by CD39 and CD73 expressed on regulatory T cells mediates immune suppression. J. Exp. Med.
2007, 204, 1257-1265. [CrossRef] [PubMed]

Alter, C.; Ding, Z.; Flogel, U.; Scheller, J.; Schrader, ]. A2bR-dependent signaling alters immune cell composition and enhances
IL-6 formation in the ischemic heart. Am. J. Physiol. Heart Circ. Physiol. 2019, 317, H190-H200. [CrossRef] [PubMed]

Kong, T.; Westerman, K.A.; Faigle, M.; Eltzschig, H.K.; Colgan, S.P. HIF-dependent induction of adenosine A2B receptor in
hypoxia. FASEB J. 2006, 20, 2242-2250. [CrossRef]

Eckle, T.; Kewley, E.M.; Brodsky, K.S.; Tak, E.; Bonney, S.; Gobel, M.; Anderson, D.; Glover, L.E.; Riegel, A.K,; Colgan, S.P; et al.
Identification of hypoxia-inducible factor HIF-1A as transcriptional regulator of the A2B adenosine receptor during acute lung
injury. J. Immunol. 2014, 192, 1249-1256. [CrossRef]

Ahmad, A.; Ahmad, S.; Glover, L.; Miller, 5S.M.; Shannon, ].M.; Guo, X.; Franklin, W.A; Bridges, J.P; Schaack, ].B.; Colgan, S.P;
et al. Adenosine A2A receptor is a unique angiogenic target of HIF-2alpha in pulmonary endothelial cells. Proc. Natl. Acad. Sci.
USA 2009, 106, 10684-10689. [CrossRef]

Yang, Z.; Day, Y.J.; Toufektsian, M.C.; Ramos, S.I.; Marshall, M.; Wang, X.Q.; French, B.A.; Linden, J. Infarct-sparing effect of
A2A-adenosine receptor activation is due primarily to its action on lymphocytes. Circulation 2005, 111, 2190-2197. [CrossRef]
Yang, Z.; Day, Y.J.; Toufektsian, M.C.; Xu, Y.; Ramos, S.I.; Marshall, M.A.; French, B.A.; Linden, J. Myocardial infarct-sparing effect
of adenosine A2A receptor activation is due to its action on CD4+ T lymphocytes. Circulation 2006, 114, 2056-2064. [CrossRef]
Maas, J.E.; Wan, T.C,; Figler, R.A.; Gross, G.J.; Auchampach, J.A. Evidence that the acute phase of ischemic preconditioning does
not require signaling by the A 2B adenosine receptor. . Mol. Cell. Cardiol. 2010, 49, 886-893. [CrossRef]

Seo, S.W.; Koeppen, M.; Bonney, S.; Gobel, M.; Thayer, M.; Harter, PN.; Ravid, K.; Eltzschig, H.K.; Mittelbronn, M.; Walker, L.;
et al. Differential Tissue-Specific Function of Adora2b in Cardioprotection. J. Immunol. 2015, 195, 1732-1743. [CrossRef] [PubMed]
Koeppen, M.; Harter, PN.; Bonney, S.; Bonney, M.; Reithel, S.; Zachskorn, C.; Mittelbronn, M.; Eckle, T. Adora2b Signaling on
Bone Marrow Derived Cells Dampens Myocardial Ischemia-Reperfusion Injury. Anesthesiology 2012, 116, 1245-1257. [CrossRef]
[PubMed]

Bonney, S.; Kominsky, D.; Brodsky, K.; Eltzschig, H.; Walker, L.; Eckle, T. Cardiac Per2 functions as novel link between fatty
acid metabolism and myocardial inflammation during ischemia and reperfusion injury of the heart. PLoS ONE 2013, 8, e71493.
[CrossRef] [PubMed]

Ruan, W.; Yuan, X.; Eltzschig, H. Circadian Mechanisms in Medicine. N. Engl. J. Med. 2021, 384, 76.

Ruan, W,; Yuan, X.; Eltzschig, H.K. Circadian rhythm as a therapeutic target. Nat. Rev. Drug Discov. 2021, 20, 287-307. [CrossRef]
Keller, M.; Mirakaj, V.; Koeppen, M.; Rosenberger, P. Neuronal guidance proteins in cardiovascular inflammation. Basic Res.
Cardiol. 2021, 116, 6. [CrossRef]

Mirakaj, V.; Gatidou, D.; Potzsch, C.; Konig, K.; Rosenberger, P. Netrin-1 signaling dampens inflammatory peritonitis. J. Immunol.
2011, 186, 549-555. [CrossRef]

Mirakaj, V.; Thix, C.A.; Laucher, S.; Mielke, C.; Morote-Garcia, J.C.; Schmit, M.A.; Henes, ].; Unertl, K.E.; Kohler, D.; Rosenberger, P.
Netrin-1 dampens pulmonary inflammation during acute lung injury. Am. . Respir. Crit. Care Med. 2010, 181, 815-824. [CrossRef]
Serafini, T.; Colamarino, S.A.; Leonardo, E.D.; Wang, H.; Beddington, R.; Skarnes, W.C.; Tessier-Lavigne, M. Netrin-1 is required
for commissural axon guidance in the developing vertebrate nervous system. Cell 1996, 87, 1001-1014. [CrossRef]


http://doi.org/10.1161/01.RES.88.5.520
http://www.ncbi.nlm.nih.gov/pubmed/11249876
http://doi.org/10.1182/blood-2007-10-117044
http://doi.org/10.1074/jbc.271.29.17114
http://doi.org/10.4049/jimmunol.1401957
http://doi.org/10.1096/fj.13-228551
http://doi.org/10.1096/fj.202002545R
http://doi.org/10.1038/mi.2015.41
http://doi.org/10.1371/journal.pone.0032416
http://www.ncbi.nlm.nih.gov/pubmed/22389701
http://doi.org/10.1097/TP.0b013e31819022bc
http://doi.org/10.1084/jem.20062512
http://www.ncbi.nlm.nih.gov/pubmed/17502665
http://doi.org/10.1152/ajpheart.00029.2019
http://www.ncbi.nlm.nih.gov/pubmed/31050560
http://doi.org/10.1096/fj.06-6419com
http://doi.org/10.4049/jimmunol.1100593
http://doi.org/10.1073/pnas.0901326106
http://doi.org/10.1161/01.CIR.0000163586.62253.A5
http://doi.org/10.1161/CIRCULATIONAHA.106.649244
http://doi.org/10.1016/j.yjmcc.2010.08.015
http://doi.org/10.4049/jimmunol.1402288
http://www.ncbi.nlm.nih.gov/pubmed/26136425
http://doi.org/10.1097/ALN.0b013e318255793c
http://www.ncbi.nlm.nih.gov/pubmed/22531331
http://doi.org/10.1371/journal.pone.0071493
http://www.ncbi.nlm.nih.gov/pubmed/23977055
http://doi.org/10.1038/s41573-020-00109-w
http://doi.org/10.1007/s00395-021-00847-x
http://doi.org/10.4049/jimmunol.1002671
http://doi.org/10.1164/rccm.200905-0717OC
http://doi.org/10.1016/S0092-8674(00)81795-X

Biomedicines 2022, 10, 1939 21 of 23

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Serafini, T.; Kennedy, T.E.; Galko, M.].; Mirzayan, C.; Jessell, T.M.; Tessier-Lavigne, M. The netrins define a family of axon
outgrowth-promoting proteins homologous to C. elegans UNC-6. Cell 1994, 78, 409-424. [CrossRef]

Varadarajan, S.G.; Kong, J.H.; Phan, K.D.; Kao, T.J.; Panaitof, S.C.; Cardin, J.; Eltzschig, H.; Kania, A.; Novitch, B.G.; Butler, S.J.
Netrinl Produced by Neural Progenitors, Not Floor Plate Cells, Is Required for Axon Guidance in the Spinal Cord. Neuron 2017,
94, 790-799.e3. [CrossRef]

Gao, R;; Peng, X,; Perry, C.; Sun, H.; Ntokou, A.; Ryu, C.; Gomez, ].L.; Reeves, B.C.; Walia, A.; Kaminski, N.; et al. Macrophage-
derived netrin-1 drives adrenergic nerve-associated lung fibrosis. J. Clin. Investig. 2021, 131, e136542. [CrossRef] [PubMed]
Moore, S.W.; Tessier-Lavigne, M.; Kennedy, T.E. Netrins and their receptors. Adv. Exp. Med. Biol. 2007, 621, 17-31. [PubMed]
Hadi, T.; Boytard, L.; Silvestro, M.; Alebrahim, D.; Jacob, S.; Feinstein, J.; Barone, K.; Spiro, W.; Hutchison, S.; Simon, R.; et al.
Macrophage-derived netrin-1 promotes abdominal aortic aneurysm formation by activating MMP3 in vascular smooth muscle
cells. Nat. Commun. 2018, 9, 5022. [CrossRef]

Mirakaj, V.; Rosenberger, P. Inmunomodulatory Functions of Neuronal Guidance Proteins. Trends Immunol. 2017, 38, 444-456.
[CrossRef]

Corset, V.; Nguyen-Ba-Charvet, K.T.; Forcet, C.; Moyse, E.; Chedotal, A.; Mehlen, P. Netrin-1-mediated axon outgrowth and
cAMP production requires interaction with adenosine A2b receptor. Nature 2000, 407, 747-750. [CrossRef]

Chen, Z.; Chen, Y.; Zhou, J.; Li, Y;; Gong, C.; Wang, X. Netrin-1 reduces lung ischemia-reperfusion injury by increasing the
proportion of regulatory T cells. J. Int. Med. Res. 2020, 48, 300060520926415. [CrossRef]

He, J.; Zhao, Y.; Deng, W.; Wang, D.X. Netrin-1 promotes epithelial sodium channel-mediated alveolar fluid clearance via
activation of the adenosine 2B receptor in lipopolysaccharide-induced acute lung injury. Respiration 2014, 87, 394-407. [CrossRef]
Aherne, C.M.; Collins, C.B.; Eltzschig, H.K. Netrin-1 guides inflammatory cell migration to control mucosal immune responses
during intestinal inflammation. Tissue Barriers 2013, 1, €24957. [CrossRef]

Aherne, C.M.; Collins, C.B.; Masterson, ].C.; Tizzano, M.; Boyle, T.A.; Westrich, J.A.; Parnes, J.A.; Furuta, G.T.; Rivera-Nieves, J.;
Eltzschig, H.K. Neuronal guidance molecule netrin-1 attenuates inflammatory cell trafficking during acute experimental colitis.
Gut 2012, 61, 695-705. [CrossRef]

Tak, E.; Ridyard, D.; Badulak, A.; Giebler, A.; Shabeka, U.; Werner, T.; Clambey, E.; Moldovan, R.; Zimmerman, M.A.; Eltzschig,
H.K.; et al. Protective role for netrin-1 during diabetic nephropathy. J. Mol. Med. 2013, 91, 1071-1080. [CrossRef] [PubMed]
Zhang, Y.; Chen, P; Di, G.; Qi, X.; Zhou, Q.; Gao, H. Netrin-1 promotes diabetic corneal wound healing through molecular
mechanisms mediated via the adenosine 2B receptor. Sci. Rep. 2018, 8, 5994. [CrossRef] [PubMed]

Li, J.; Conrad, C.; Mills, TW.; Berg, N.K,; Kim, B.; Ruan, W.; Lee, ] W.; Zhang, X.; Yuan, X,; Eltzschig, H.K. PMN-derived netrin-1
attenuates cardiac ischemia-reperfusion injury via myeloid ADORA2B signaling. J. Exp. Med. 2021, 218, €20210008. [CrossRef]
[PubMed]

Stein, E.; Zou, Y.; Poo, M.; Tessier-Lavigne, M. Binding of DCC by netrin-1 to mediate axon guidance independent of adenosine
A2B receptor activation. Science 2001, 291, 1976-1982. [CrossRef]

Rosenberger, P.; Schwab, ].M.; Mirakaj, V.; Masekowsky, E.; Mager, A.; Morote-Garcia, J.C.; Unertl, K.; Eltzschig, H.K. Hypoxia-
inducible factor-dependent induction of netrin-1 dampens inflammation caused by hypoxia. Nat. Immunol. 2009, 10, 195-202.
[CrossRef]

Ramkhelawon, B.; Yang, Y.; van Gils, ].M.; Hewing, B.; Rayner, K.J.; Parathath, S.; Guo, L.; Oldebeken, S.; Feig, J.L.; Fisher,
E.A,; et al. Hypoxia induces netrin-1 and Unc5b in atherosclerotic plaques: Mechanism for macrophage retention and survival.
Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1180-1188. [CrossRef]

Griffiths, M.; Beaumont, N.; Yao, S.Y.; Sundaram, M.; Boumah, C.E.; Davies, A.; Kwong, EY.; Coe, I.; Cass, C.E.; Young, ].D.; et al.
Cloning of a human nucleoside transporter implicated in the cellular uptake of adenosine and chemotherapeutic drugs. Nat. Med.
1997, 3, 89-93. [CrossRef]

Picano, E.; Trivieri, M.G. Pharmacologic stress echocardiography in the assessment of coronary artery disease. Curr. Opin. Cardiol.
1999, 14, 464-470. [CrossRef]

Sicari, R.; Cortigiani, L.; Bigi, R.; Landi, P.; Raciti, M.; Picano, E. Prognostic value of pharmacological stress echocardiography is
affected by concomitant antiischemic therapy at the time of testing. Circulation 2004, 109, 2428-2431. [CrossRef]

Morote-Garcia, ].C.; Kohler, D.; Roth, ].M.; Mirakaj, V.; Eldh, T.; Eltzschig, H.K.; Rosenberger, P. Repression of the equilibrative
nucleoside transporters dampens inflammatory lung injury. Am. J. Respir. Cell Mol. Biol. 2013, 49, 296-305. [CrossRef]

Rose, ].B.; Naydenova, Z.; Bang, A.; Ramadan, A.; Klawitter, J.; Schram, K.; Sweeney, G.; Grenz, A.; Eltzschig, H.; Hammond,
J.; et al. Absence of equilibrative nucleoside transporter 1 in ENT1 knockout mice leads to altered nucleoside levels following
hypoxic challenge. Life Sci. 2011, 89, 621-630. [CrossRef] [PubMed]

Kitakaze, M.; Minamino, T.; Node, K.; Takashima, S.; Funaya, H.; Kuzuya, T.; Hori, M. Adenosine and cardioprotection in the
diseased heart. Jpn. Circ. J. 1999, 63, 231-243. [CrossRef] [PubMed]

Miura, T.; Ogawa, T.; Iwamoto, T.; Shimamoto, K.; limura, O. Dipyridamole potentiates the myocardial infarct size-limiting effect
of ischemic preconditioning. Circulation 1992, 86, 979-985. [CrossRef]

Peart, ].N.; Gross, G.J. Cardioprotection following adenosine kinase inhibition in rat hearts. Basic Res. Cardiol. 2005, 100, 328-336.
[CrossRef] [PubMed]


http://doi.org/10.1016/0092-8674(94)90420-0
http://doi.org/10.1016/j.neuron.2017.03.007
http://doi.org/10.1172/JCI136542
http://www.ncbi.nlm.nih.gov/pubmed/33393489
http://www.ncbi.nlm.nih.gov/pubmed/18269208
http://doi.org/10.1038/s41467-018-07495-1
http://doi.org/10.1016/j.it.2017.03.007
http://doi.org/10.1038/35037600
http://doi.org/10.1177/0300060520926415
http://doi.org/10.1159/000358066
http://doi.org/10.4161/tisb.24957
http://doi.org/10.1136/gutjnl-2011-300012
http://doi.org/10.1007/s00109-013-1041-1
http://www.ncbi.nlm.nih.gov/pubmed/23636509
http://doi.org/10.1038/s41598-018-24506-9
http://www.ncbi.nlm.nih.gov/pubmed/29662125
http://doi.org/10.1084/jem.20210008
http://www.ncbi.nlm.nih.gov/pubmed/33891683
http://doi.org/10.1126/science.1059391
http://doi.org/10.1038/ni.1683
http://doi.org/10.1161/ATVBAHA.112.301008
http://doi.org/10.1038/nm0197-89
http://doi.org/10.1097/00001573-199911000-00003
http://doi.org/10.1161/01.CIR.0000127427.03361.5E
http://doi.org/10.1165/rcmb.2012-0457OC
http://doi.org/10.1016/j.lfs.2011.08.007
http://www.ncbi.nlm.nih.gov/pubmed/21872611
http://doi.org/10.1253/jcj.63.231
http://www.ncbi.nlm.nih.gov/pubmed/10475769
http://doi.org/10.1161/01.CIR.86.3.979
http://doi.org/10.1007/s00395-005-0526-7
http://www.ncbi.nlm.nih.gov/pubmed/15795795

Biomedicines 2022, 10, 1939 22 of 23

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Stiehl, D.P; Bordoli, M.R.; Abreu-Rodriguez, I.; Wollenick, K.; Schraml, P.; Gradin, K.; Poellinger, L.; Kristiansen, G.; Wenger, R.H.
Non-canonical HIF-2alpha function drives autonomous breast cancer cell growth via an AREG-EGFR/ErbB4 autocrine loop.
Oncogene 2012, 31, 2283-2297. [CrossRef]

Bordoli, M.R,; Stiehl, D.P; Borsig, L.; Kristiansen, G.; Hausladen, S.; Schraml, P.; Wenger, R.H.; Camenisch, G. Prolyl-4-hydroxylase
PHD2- and hypoxia-inducible factor 2-dependent regulation of amphiregulin contributes to breast tumorigenesis. Oncogene 2011,
30, 548-560. [CrossRef]

O'Reilly, S.M.; Leonard, M.O.; Kieran, N.; Comerford, K.M.; Cummins, E.; Pouliot, M.; Lee, S.B.; Taylor, C.T. Hypoxia induces
epithelial amphiregulin gene expression in a CREB-dependent manner. Am. J. Physiol. Physiol. 2006, 290, C592—-C600. [CrossRef]
Sarkar, K.; Cai, Z.; Gupta, R.; Parajuli, N.; Fox-Talbot, K.; Darshan, M.S.; Gonzalez, FJ.; Semenza, G.L. Hypoxia-inducible factor 1
transcriptional activity in endothelial cells is required for acute phase cardioprotection induced by ischemic preconditioning.
Proc. Natl. Acad. Sci. USA 2012, 109, 10504-10509. [CrossRef]

Cai, Z.; Zhong, H.; Bosch-Marce, M.; Fox-Talbot, K.; Wang, L.; Wei, C.; Trush, M.A.; Semenza, G.L. Complete loss of ischaemic
preconditioning-induced cardioprotection in mice with partialdeficiency of HIF-1{alpha}. Cardiovasc. Res. 2008, 77, 463—470.
[CrossRef]

Cai, Z.; Luo, W.,; Zhan, H.; Semenza, G.L. Hypoxia-inducible factor 1 is required for remote ischemic preconditioning of the heart.
Proc. Natl. Acad. Sci. USA 2013, 110, 17462-17467. [CrossRef]

Gumbert, S.D.; Kork, E; Jackson, M.L.; Vanga, N.; Ghebremichael, S.J.; Wang, C.Y.; Eltzschig, H.K. Perioperative Acute Kidney
Injury. Anesthesiology 2020, 132, 180-204. [CrossRef] [PubMed]

Kork, E; Eltzschig, HK. The Devil Is in the Detail: Remote Ischemic Preconditioning for Perioperative Kidney Protection.
Anesthesiology 2017, 126, 763-765. [CrossRef] [PubMed]

Zarbock, A.; Kellum, J.A.; Van Aken, H.; Schmidt, C.; Kullmar, M.; Rosenberger, P.; Martens, S.; Gorlich, D.; Meersch, M.
Long-term Effects of Remote Ischemic Preconditioning on Kidney Function in High-risk Cardiac Surgery Patients: Follow-up
Results from the RenalRIP Trial. Anesthesiology 2017, 126, 787-798. [CrossRef] [PubMed]

Zarbock, A.; Schmidt, C.; Van Aken, H.; Wempe, C.; Martens, S.; Zahn, PX.; Wolf, B.; Goebel, U.; Schwer, C.I.; Rosenberger,
P, et al. Effect of remote ischemic preconditioning on kidney injury among high-risk patients undergoing cardiac surgery: A
randomized clinical trial. JAMA 2015, 313, 2133-2141. [CrossRef]

Eckardt, K.U.; Agarwal, R.; Aswad, A.; Awad, A.; Block, G.A.; Bacci, M.R,; Farag, YM.K; Fishbane, S.; Hubert, H.; Jardine,
A.; et al. Safety and Efficacy of Vadadustat for Anemia in Patients Undergoing Dialysis. N. Engl. J. Med. 2021, 384, 1601-1612.
[CrossRef]

Singh, A K.; Carroll, K.; McMurray, ].J.V.; Solomon, S.; Jha, V.; Johansen, K.L.; Lopes, R.D.; Macdougall, I.C.; Obrador, G.T.; Waikar,
S.S.; et al. Daprodustat for the Treatment of Anemia in Patients Not Undergoing Dialysis. N. Engl. J. Med. 2021, 385, 2313-2324.
[CrossRef]

Singh, A K.; Carroll, K.; Perkovic, V.; Solomon, S.; Jha, V.; Johansen, K.L.; Lopes, R.D.; Macdougall, I.C.; Obrador, G.T.; Waikar, S.S.;
et al. Daprodustat for the Treatment of Anemia in Patients Undergoing Dialysis. N. Engl. J. Med. 2021, 385, 2325-2335. [CrossRef]
Yamamoto, H.; Nobori, K.; Matsuda, Y.; Hayashi, Y.; Hayasaki, T.; Akizawa, T. Efficacy and Safety of Molidustat for Anemia in
ESA-Naive Nondialysis Patients: A Randomized, Phase 3 Trial. Am. J. Nephrol. 2021, 52, 871-883. [CrossRef]

Natarajan, R.; Salloum, EN.; Fisher, B.].; Kukreja, R.C.; Fowler, A.A., 3rd. Hypoxia inducible factor-1 activation by prolyl
4-hydroxylase-2 gene silencing attenuates myocardial ischemia reperfusion injury. Circ. Res. 2006, 98, 133-140. [CrossRef]
Philipp, S.; Jurgensen, ]J.S.; Fielitz, J.; Bernhardt, WM.; Weidemann, A.; Schiche, A.; Pilz, B.; Dietz, R.; Regitz-Zagrosek, V.; Eckardt,
K.U,; et al. Stabilization of hypoxia inducible factor rather than modulation of collagen metabolism improves cardiac function
after acute myocardial infarction in rats. Eur. ]. Heart Fail. 2006, 8, 347-354. [CrossRef]

Bao, W.; Qin, P; Needle, S.; Erickson-Miller, C.L.; Duffy, K.J.; Ariazi, J.L.; Zhao, S.; Olzinski, A.R.; Behm, D.]J.; Pipes, G.C;
et al. Chronic inhibition of hypoxia-inducible factor prolyl 4-hydroxylase improves ventricular performance, remodeling, and
vascularity after myocardial infarction in the rat. J. Cardiovasc. Pharmacol. 2010, 56, 147-155. [CrossRef] [PubMed]

Deguchi, H.; Ikeda, M.; Ide, T.; Tadokoro, T.; Ikeda, S.; Okabe, K.; Ishikita, A.; Saku, K.; Matsushima, S.; Tsutsui, H. Roxadustat
Markedly Reduces Myocardial Ischemia Reperfusion Injury in Mice. Circ. J. 2020, 84, 1028-1033. [CrossRef] [PubMed]

Ong, S5.G.; Lee, W.H.; Theodorou, L.; Kodo, K.; Lim, S.Y.; Shukla, D.H.; Briston, T.; Kiriakidis, S.; Ashcroft, M.; Davidson, S.M.; et al.
HIF-1 reduces ischaemia-reperfusion injury in the heart by targeting the mitochondrial permeability transition pore. Cardiovasc.
Res. 2014, 104, 24-36. [CrossRef] [PubMed]

Gruber, H.E.; Hoffer, M.E.; McAllister, D.R.; Laikind, PK.; Lane, T.A.; Schmid-Schoenbein, G.W.; Engler, R.L. Increased adenosine
concentration in blood from ischemic myocardium by AICA riboside. Effects on flow, granulocytes, and injury. Circulation 1989,
80, 1400-1411. [CrossRef] [PubMed]

Gottlieb, R.A.; Gruol, D.L.; Zhu, ].Y.; Engler, R.L. Preconditioning rabbit cardiomyocytes: Role of pH, vacuolar proton ATPase,
and apoptosis. J. Clin. Investig. 1996, 97, 2391-2398. [CrossRef]

Mabhaffey, K.W.; Puma, J.A.; Barbagelata, N.A.; DiCarli, M.F,; Leesar, M.A.; Browne, K.E,; Eisenberg, PR.; Bolli, R.; Casas, A.C,;
Molina-Viamonte, V.; et al. Adenosine as an adjunct to thrombolytic therapy for acute myocardial infarction: Results of a
multicenter, randomized, placebo-controlled trial: The Acute Myocardial Infarction STudy of ADenosine (AMISTAD) trial. J. Am.
Coll. Cardiol. 1999, 34, 1711-1720. [CrossRef]


http://doi.org/10.1038/onc.2011.417
http://doi.org/10.1038/onc.2010.433
http://doi.org/10.1152/ajpcell.00278.2005
http://doi.org/10.1073/pnas.1208314109
http://doi.org/10.1093/cvr/cvm035
http://doi.org/10.1073/pnas.1317158110
http://doi.org/10.1097/ALN.0000000000002968
http://www.ncbi.nlm.nih.gov/pubmed/31687986
http://doi.org/10.1097/ALN.0000000000001599
http://www.ncbi.nlm.nih.gov/pubmed/28288052
http://doi.org/10.1097/ALN.0000000000001598
http://www.ncbi.nlm.nih.gov/pubmed/28288051
http://doi.org/10.1001/jama.2015.4189
http://doi.org/10.1056/NEJMoa2025956
http://doi.org/10.1056/NEJMoa2113380
http://doi.org/10.1056/NEJMoa2113379
http://doi.org/10.1159/000518071
http://doi.org/10.1161/01.RES.0000197816.63513.27
http://doi.org/10.1016/j.ejheart.2005.10.009
http://doi.org/10.1097/FJC.0b013e3181e2bfef
http://www.ncbi.nlm.nih.gov/pubmed/20714241
http://doi.org/10.1253/circj.CJ-19-1039
http://www.ncbi.nlm.nih.gov/pubmed/32213720
http://doi.org/10.1093/cvr/cvu172
http://www.ncbi.nlm.nih.gov/pubmed/25063991
http://doi.org/10.1161/01.CIR.80.5.1400
http://www.ncbi.nlm.nih.gov/pubmed/2553298
http://doi.org/10.1172/JCI118683
http://doi.org/10.1016/S0735-1097(99)00418-0

Biomedicines 2022, 10, 1939 23 of 23

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Ross, A.M.; Gibbons, R.].; Stone, G.W.; Kloner, R.A.; Alexander, RW. A randomized, double-blinded, placebo-controlled
multicenter trial of adenosine as an adjunct to reperfusion in the treatment of acute myocardial infarction (AMISTAD-II). J. Am.
Coll. Cardiol. 2005, 45, 1775-1780. [CrossRef]

Kloner, R.A.; Forman, M.B.; Gibbons, R.J.; Ross, A.M.; Alexander, R.W.; Stone, G.W. Impact of time to therapy and reperfusion
modality on the efficacy of adenosine in acute myocardial infarction: The AMISTAD-2 trial. Eur. Heart ]. 2006, 27, 2400-2405.
[CrossRef]

Quintana, M.; Hjemdabhl, P; Sollevi, A.; Kahan, T.; Edner, M.; Rehnqvist, N.; Swahn, E.; Kjerr, A.C.; Ndsman, P. Left ventricular
function and cardiovascular events following adjuvant therapy with adenosine in acute myocardial infarction treated with
thrombolysis, results of the ATTenuation by Adenosine of Cardiac Complications (ATTACC) study. Eur. J. Clin. Pharmacol. 2003,
59, 1-9. [CrossRef]

Garcia-Dorado, D.; Garcia-del-Blanco, B.; Otaegui, I.; Rodriguez-Palomares, J.; Pineda, V.; Gimeno, F; Ruiz-Salmeron, R.; Elizaga,
J.; Evangelista, A.; Fernandez-Aviles, F,; et al. Intracoronary injection of adenosine before reperfusion in patients with ST-segment
elevation myocardial infarction: A randomized controlled clinical trial. Int. ]. Cardiol. 2014, 177, 935-941. [CrossRef]

Mentzer, R M., Jr.; Birjiniuk, V.; Khuri, S.; Lowe, ].E.; Rahko, P.S.; Weisel, R.D.; Wellons, H.A.; Barker, M.L.; Lasley, R.D. Adenosine
myocardial protection: Preliminary results of a phase II clinical trial. Ann. Surg. 1999, 229, 643-649; discussion 649-650. [CrossRef]
[PubMed]

Wei, M.; Kuukasjarvi, P; Laurikka, J.; Honkonen, E.L.; Kaukinen, S.; Laine, S.; Tarkka, M. Cardioprotective effect of adenosine
pretreatment in coronary artery bypass grafting. Chest 2001, 120, 860-865. [CrossRef] [PubMed]

Liu, R;; Xing, J.; Miao, N.; Li, W.; Liu, W.; Lai, Y.Q.; Luo, Y,; Ji, B. The myocardial protective effect of adenosine as an adjunct to
intermittent blood cardioplegia during open heart surgery. Eur. J. Cardiothorac. Surg. 2009, 36, 1018-1023. [CrossRef]

Ammar, A.; Mahmoud, K; Elkersh, A.; Kasemy, Z. A Randomized Controlled Trial of Intra-Aortic Adenosine Infusion Before
Release of the Aortic Cross-Clamp During Coronary Artery Bypass Surgery. J. Cardiothorac. Vasc. Anesth. 2018, 32, 2520-2527.
[CrossRef]

Dinh, W.; Albrecht-Kupper, B.; Gheorghiade, M.; Voors, A.A.; van der Laan, M.; Sabbah, H.N. Partial Adenosine A1 Agonist in
Heart Failure. Handb. Exp. Pharmacol. 2017, 243, 177-203.

Voors, A.A.; Bax, ].].; Hernandez, A.F; Wirtz, A.B.; Pap, A.F; Ferreira, A.C.; Senni, M.; van der Laan, M.; Butler, J.; Investigators, P
Safety and efficacy of the partial adenosine A1 receptor agonist neladenoson bialanate in patients with chronic heart failure with
reduced ejection fraction: A phase IIb, randomized, double-blind, placebo-controlled trial. Eur. |. Heart Fail. 2019, 21, 1426-1433.
[CrossRef] [PubMed]

Shah, S.J.; Voors, A.A.; McMurray, J.].V.,; Kitzman, D.W.; Viethen, T.; Bomfim Wirtz, A.; Huang, E.; Pap, A.E; Solomon, S.D.
Effect of Neladenoson Bialanate on Exercise Capacity Among Patients With Heart Failure With Preserved Ejection Fraction: A
Randomized Clinical Trial. JAMA 2019, 321, 2101-2112. [CrossRef] [PubMed]

Coomes, E.; Chan, E.S.; Reiss, A.B. Methotrexate in atherogenesis and cholesterol metabolism. Cholesterol 2011, 2011, 503028.
[CrossRef]

Micha, R.; Imamura, F.; Wyler von Ballmoos, M.; Solomon, D.H.; Hernan, M.A.; Ridker, PM.; Mozaffarian, D. Systematic review
and meta-analysis of methotrexate use and risk of cardiovascular disease. Am. J. Cardiol. 2011, 108, 1362-1370. [CrossRef]
Roubille, C.; Richer, V.; Starnino, T.; McCourt, C.; McFarlane, A.; Fleming, P; Siu, S.; Kraft, J.; Lynde, C.; Pope, ].; et al. The effects
of tumour necrosis factor inhibitors, methotrexate, non-steroidal anti-inflammatory drugs and corticosteroids on cardiovascular
events in rheumatoid arthritis, psoriasis and psoriatic arthritis: A systematic review and meta-analysis. Ann. Rheum. Dis. 2015,
74, 480-489. [CrossRef]

Wasko, M.C.; Dasgupta, A.; Hubert, H.; Fries, ].F.; Ward, M.M. Propensity-adjusted association of methotrexate with overall
survival in rheumatoid arthritis. Arthritis Rheum 2013, 65, 334-342. [CrossRef] [PubMed]

Ridker, PM.; Everett, B.M.; Pradhan, A.; MacFadyen, ].G.; Solomon, D.H.; Zaharris, E.; Mam, V.; Hasan, A.; Rosenberg, Y.;
Iturriaga, E.; et al. Low-Dose Methotrexate for the Prevention of Atherosclerotic Events. N. Engl. |. Med. 2019, 380, 752-762.
[CrossRef] [PubMed]

Moreira, D.M.; Vieira, ].L.; Gottschall, C.A. The effects of METhotrexate therapy on the physical capacity of patients with ISchemic
heart failure: A randomized double-blind, placebo-controlled trial (METIS trial). J. Card. Fail. 2009, 15, 828-834. [CrossRef]
[PubMed]

Minamino, T.; Kitakaze, M.; Morioka, T.; Node, K.; Komamura, K.; Takeda, H.; Inoue, M.; Hori, M.; Kamada, T. Cardioprotection
due to preconditioning correlates with increased ecto-5"-nucleotidase activity. Am. J. Physiol. Heart Circ. Physiol. 1996, 270,
H238-H244. [CrossRef]

Kitakaze, M.; Hori, M.; Morioka, T.; Minamino, T.; Takashima, S.; Sato, H.; Shinozaki, Y.; Chujo, M.; Mori, H.; Inoue, M.; et al.
Alpha 1-adrenoceptor activation mediates the infarct size-limiting effect of ischemic preconditioning through augmentation of
5’-nucleotidase activity. J. Clin. Investig. 1994, 93, 2197-2205. [CrossRef]

Kitakaze, M.; Hori, M.; Morioka, T.; Minamino, T.; Takashima, S.; Sato, H.; Shinozaki, Y.; Chujo, M.; Mori, H.; Inoue, M; et al.
Infarct size-limiting effect of ischemic preconditioning is blunted by inhibition of 5’-nucleotidase activity and attenuation of
adenosine release. Circulation 1994, 89, 1237-1246. [CrossRef]

Hori, M,; Kitakaze, M. Adenosine, the heart, and coronary circulation. Hypertension 1991, 18, 565-574. [CrossRef]


http://doi.org/10.1016/j.jacc.2005.02.061
http://doi.org/10.1093/eurheartj/ehl094
http://doi.org/10.1007/s00228-003-0564-8
http://doi.org/10.1016/j.ijcard.2014.09.203
http://doi.org/10.1097/00000658-199905000-00006
http://www.ncbi.nlm.nih.gov/pubmed/10235522
http://doi.org/10.1378/chest.120.3.860
http://www.ncbi.nlm.nih.gov/pubmed/11555521
http://doi.org/10.1016/j.ejcts.2009.06.033
http://doi.org/10.1053/j.jvca.2017.10.041
http://doi.org/10.1002/ejhf.1591
http://www.ncbi.nlm.nih.gov/pubmed/31523892
http://doi.org/10.1001/jama.2019.6717
http://www.ncbi.nlm.nih.gov/pubmed/31162568
http://doi.org/10.1155/2011/503028
http://doi.org/10.1016/j.amjcard.2011.06.054
http://doi.org/10.1136/annrheumdis-2014-206624
http://doi.org/10.1002/art.37723
http://www.ncbi.nlm.nih.gov/pubmed/23044791
http://doi.org/10.1056/NEJMoa1809798
http://www.ncbi.nlm.nih.gov/pubmed/30415610
http://doi.org/10.1016/j.cardfail.2009.06.439
http://www.ncbi.nlm.nih.gov/pubmed/19944358
http://doi.org/10.1152/ajpheart.1996.270.1.H238
http://doi.org/10.1172/JCI117216
http://doi.org/10.1161/01.CIR.89.3.1237
http://doi.org/10.1161/01.HYP.18.5.565

	Introduction 
	Hypoxia-Inducible Transcription Factors (HIF) Are Stabilized during Myocardial Ischemia and Provide Cardioprotection 
	Role of HIF in Regulating Adenosine Signaling during Myocardial Ischemia-Reperfusion Injury 
	Impact of Hypoxia-Signaling on the Production of Extracellular Adenosine 
	Role of HIF in Coordinating Extracellular Adenosine Signaling during Myocardial Ischemia-Reperfusion Injury 
	HIF-Dependent Promotion of Alternative Adenosine Receptor Activation 
	Impact of HIF Signaling on Extracellular Adenosine Uptake and Metabolism 

	HIF-Dependent Cardioprotection beyond Purinergic Signaling Events 
	Potential Therapeutic Approaches 
	HIF Activators 
	Adenosine 
	Adenosine Receptor Agonists 
	Adenosine Reuptake (ENT) Inhibitor 

	Summary and Future Perspectives 
	References

