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Abstract

Cardiovascular disease is the number one cause of death worldwide. A powerful strategy for
cardioprotection would be to identify specific molecules or targets that mimic ischemic
preconditioning (IP), where short non-lethal episodes of ischemia and reperfusion prior to
myocardial infarction result in dramatic reduction of infarct sizes. Since 1960 researchers believed
that adenosine has a strong cardio-protective potential. In fact, with the discovery of cardiac IP in
1986 by Murry et al., adenosine was the first identified molecule that was used in studying the
underlying mechanism of IP. Today we know, based on genetic studies, that adenosine is crucial
for IP mediated cardio-protection and that the adenosine receptors ADORA1, ADORA?2a and
ADORAZ2b play an important role. However, the ADORAZ2b receptor is the only receptor so far
which has been found to play a role in human and murine myocardial ischemia. With recent
advances using tissue specific mice for the ADORAZ2b, we were able to uncover cardiomyocytes
and endothelia as the responsible cell type for cardiac IP. Using a wide search for ADORA2b
downstream targets, our group identified the circadian rhythm protein, Period 2 (PER2), as a novel
target for IP mediated cardioprotection. Mechanistic studies on PER2 mediated cardioprotection
revealed an important role for PER2 in optimizing cardiac metabolism through activation of
oxygen saving pathways. Thus, cardiomyocyte or endothelial expressed ADORA2b or the
downstream circadian rhythm protein PER2 are key targets for cardiac IP and could represent
novel strategies to treat or prevent MI.
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Introduction

Myocardial ischemia (M) is the leading cause of death worldwide. In the United States,
every 42 seconds someone has a heart attack and each minute someone dies from a heart
disease-related event (1). Despite better outcomes with early coronary artery reperfusion
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strategies for the treatment of acute MI, morbidity and mortality remains significant. Thus,
there is an urgent need to explore novel and innovative cardioprotective therapies (2).

For almost five decades, studies have suggested that adenosine is critical for protection from
MI (3, 4). Described mechanisms of adenosine dependent cardioprotection include
alterations of cell metabolism, vasodilatation of coronary arteries or inhibition of
inflammatory responses (3, 5, 6). Adenosine mediates its effects through four adenosine
receptors [ARs; ADORA1, ADORA2a, ADORA2b and ADORAS3 (7-9)]. All ARs have
been associated with cardiac tissue protection in different settings. In particular, the
ADORAI1 and ADORAZ2b have been implicated in ischemic preconditioning (IP) (10-12)
and postconditioning (13, 14) of the heart. Both represent powerful cardioprotective
mechanisms where the heart tissue at risk is exposed to short repeated non-lethal ischemic
periods either prior to the onset of ischemia or at the onset of reperfusion (15-17). However,
the ADORAZ2bD is the only 1 of the 4 adenosine receptors whose cardiac expression is
induced by ischemia in both mice and humans and whose function is implicated in ischemic
pre- and postconditioning (18). More recent studies found that ADORA2b mediated
cardioprotection works through modulation of metabolic and oxygen sensing pathways that
also seem to be activated by intense daylight (19). Due to its special role, the current review
focuses on recent advances on understanding ADORA2b mechanisms in cardioprotection.

Adenosine Receptor Mediated Cardioprotection

Adenosine is a purine nucleoside whose concentration increases during exercise, stress (4)
or inflammation (20) and more general, during imbalances of oxygen supply, as it occurs
during myocardial ischemia (21). Adenosine has several effects on the heart with coronary
artery vasodilation being the most famous (4). Adenosine is able to mediate its effects
through binding to a family of G protein-coupled receptors known as ADORAL, ADORAZ2a,
ADORAZ2b or ADORAS. Al of these receptors are expressed in the myocardium and have
been implicated in the role of cardioprotection during ischemia (22). E.g. the ADORA1 has
been found to delay the onset of ischemic contracture through a specific agonist. As such
application of an ADORAU1 agonist prior to ischemia reduced infarct sizes and improved
post-ischemic functions in many different animal models (23). Other studies using
Adoral™" mice found ADORAL to be critical in preconditioning (12) or postconditioning
(14) of the heart.

The ADORAZ2a plays a major role in adenosine’s coronary vasodilatory properties (4). Thus,
this receptor is expressed predominantly in coronary endothelial cells as well as in coronary
smooth muscle cells (24, 25). Interestingly, studies have shown that activation of the
ADORA?2a causes inhibition of CD4* T cell accumulation and activation in the reperfused
heart which attenuates myocardial infarct sizes during reperfusion (26). However, there is
also evidence for activation of the ADORAZ2a during ischemic postconditioning of the heart.
As such it has been found that a genetic deletion of the AdoraZain mice results in larger
infarct sizes following an ischemic postconditioning protocol (27).

Much less is known about the ADORA3 than the other adenosine receptors in the same
family. Nevertheless, studies on Adora3 deficient mice found that infarct sizes following 30
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minutes of coronary occlusion and 24 hours of reperfusion are smaller in Adora3”~ mice
than WT mice. This study suggests that mice lacking this receptor are more resistant to the
development of irreversible ischemic injury. In contrast to the other adenosine receptors,
these results indicate that the activation of the ADORAS can be injurious to the myocardium
during times of ischemia.

Cardioprotection by CD73 and ADORA2b

A variety of factors regulate the healing process after tissue damage from MI. One such
factor is adenosine, which is generated by the dephosphorylation of adenine nucleotides
such as ATP (7). Initial studies had demonstrated that the observed cardiac tissue protection
was dominantly mediated by extracellular adenosine generation via hypoxia-inducible
CD73, the key enzyme of extracellular adenosine generation (28, 29). However, based on the
lack of genetic mouse models and the use of pharmacologic inhibitors, contrary results were
also found (30). Almost a decade thereafter, Cd737~ mice were found to have significantly
larger infarct sizes and no cardioprotection by IP when compared to their littermate controls
(11). This was the first genetic evidence for CD73-dependent cardioprotection. Furthermore,
in proof of principle studies, it was found that soluble CD73, when administered to Ca737~
mice, could restore infarct sizes to a wildtype phenotype. These studies indicated that
treatment with CD73 could represent a potential novel therapy during acute MlI.
Interestingly, it was also found that Cd737~ mice had significantly attenuated adenosine
levels at baseline or during IP, supporting the original idea that CD73 represents the key
enzyme of extracellular adenosine generation (21). After genetic confirmation for adenosine
generation being a crucial part of cardioprotection mediated by IP, the next set of studies
looked at the contribution of individual ARs. This study was unique as it was the first study
performing a head-to head comparison of all 4 adenosine receptor deficient mice (11).
Surprisingly, while some cardioprotection by IP was observed in the ADORA1, ADORAZ?2a,
or the ADORAZ3 deficient mouse, the Adora2b™~ mouse had even bigger infarcts sizes
following IP treatment prior to ischemia. This was the first genetic evidence showing a
pivotal role for the ADORAZ2b in IP mediated cardioprotection. Finally, in pharmacologic
studies, the authors found that ADORAZ2b antagonism increased infarct sizes, whereas a
novel ADORAZ2b agonist exhibited a significant attenuation of the infarct size (11).

The Role of ADORA2b Signaling on Bone Marrow Derived Cells in
Myocardial Ischemia

To further understand the mechanism by which the ADORAZ2b confers cardioprotection
during myocardial ischemia, a follow up study looked at adenosine signaling in bone
marrow derived cells (31). In fact, it had been shown that Adora2b™~ mice had higher levels
of tumor necrosis factor a [TNFa; (32)]. This cytokine is released by inflammatory cells
and plays a role in cardiac ischemia-reperfusion (IR) injury through apoptosis of
cardiomyocytes (33). Polymorphonuclear leukocytes (PMNSs) represent a significant source
of TNFa and thus the authors hypothesized that the inhibition of pro-inflammatory cytokine
release through the ADORAZ2b could be responsible for its cardioprotective effects. To study
the role of ADORAZ2b signaling on inflammatory cells, the authors transplanted wildtype
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(WT) mouse bone marrow into Adora2b™~ mice or Adora2b™~ mouse bone marrow into
WT mice. In the first treatment group, bone marrow transplantation from WT to knockout
mice, the authors found a decrease in infarct size following IR injury. However, in the
inverse treatment group, an increase in infarct size was observed. Next, neutrophil-depleted
WT mice or controls were treated with a specific ADORA2b agonist and then underwent IR
injury. Here it was found that neutrophil depletion had the same effect on reducing the
infarct size as treatment of normal WT mice with an ADORAZ2b agonist. However,
neutrophil depleted animals did not show a further reduction in infarct sizes upon
ADORAZ?2b agonist treatment. Subsequent studies on human PMNSs revealed that ADORA2b
agonist treatment significantly dampened TNFa release from activated PMNs (Figure 1A).
These results show that ADORAZ2b signaling on bone marrow derived cells, such as PMNs,
represents one important mechanism for cardioprotection during cardiac IR injury (31).

Differential Tissue-Specific Function of ADORAZ2b in Cardioprotection

Although these previously mentioned studies had shown the cardioprotective effects of
ADORAZ2b signaling for IR injury of the heart, the specific cell type responsible for
preconditioning effects or protection from reperfusion injury in mice was still not fully
elucidated yet. Therefore, to study whether endothelial cells, cardiomyocytes or only bone
marrow derived cells were responsible for the beneficial effects of ADORA2b activation
during cardiac IP or IR injury of the heart, tissue specific deletion of the AdoraZb was
achieved using the Cre-Lox system (34). These studies confirmed that mice with a bone
marrow specific knockout of the Adora2b showed significantly increased infarct sizes
following IR injury. However, IP mediated infarct size reduction of the heart was unchanged
in mice with a bone marrow cell specific deletion of the Adora2b. These data suggest that
the ADORA2b on bone-marrow derived inflammatory cells does not play an important role
in mediating the cardioprotection that is observed by cardiac IP. In fact, detailed
immunostaining experiments revealed that the ADORAZ2b was strongly upregulated in
endothelia or cardiomyocytes following IP of the heart. In fact, in mice with an endothelial
AdoraZb knockout, the infarct size limiting effect following IP of the heart was significantly
blunted. Interestingly, mice with a cardiomyocyte specific Adora2b deletion had even
increased infarct sizes following IP treatment prior to ischemia. These data indicate, that
while ADORAZ2b on bone marrow derived cells play an important cardioprotective role
during IR injury, cardiac IP might be exclusively mediated by ADORAZ2b signaling on
cardiomyocytes and to some extent on endothelia (Figure 1B). In general, these studies
demonstrate that activation of the ADORAZ2b on different tissues can represent different
therapeutic targets and strategies (34).

ADORAZ2b signals through the Circadian Rhythm Protein PER2

To further understand the mechanism by which ADORAZ2b elicits cardioprotection mediated
by IP, studies were performed to look at downstream responses. To identify the
transcriptional responses elicited by IP, microarrays were performed in either WT or
Adora2b™". The gene identified with the highest differential expression between these two
groups was the circadian clock gene Period 2 (Per2). Per2is a member of the Period family
of genes which is expressed in a circadian (24-hour) pattern in the suprachiasmatic nucleus
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of the hypothalamus (SCN). From here the circadian expression of PER2 is regulated in all
other tissues and organs (35). In Adora2b™~ mice, it was found that cardiac PER2 did not
fluctuate according to a circadian pattern of expression as compared to WT littermates.
Following studies in Per2”~ mice revealed abolished cardioprotection by IP, diminished
amounts of cellular energy stores during ischemia and lost capability to generate lactate
through anaerobic glycolysis. These studies indicate that PER2 promotes a metabolic switch
during ischemia as cardio-adaptive mechanism. Typically, during ischemic periods, the
myocardium will adapt to limited oxygen availability toward a more oxygen-efficient
utilization of carbohydrates (36). However, Per2~~ mice were unable to perform this switch
due to the deficiency of specific hypoxia signaling pathway (Figure 1C).

Based on the observation that light is the main regulator of circadian proteins, the authors
achieved stabilization of cardiac PER2 by exposing wildtype animals to intense light. In fact,
after intense light exposure, WT mice were observed to have a transcriptional induction of
metabolic pathways that were associated with smaller infarct sizes following ischemia and
reperfusion of the heart (Figure 1D). However, Per2”~ mice were not protected by intense
light suggesting that the observed cardioprotection could be PER2 specific.

Further analysis of the circadian expressed cardiac PER2 protein, found that WT mice
showed diurnal variations in infarct sizes with the smallest infarct sizes at zeitgeiber time 12
(ZT12). ZT12 is the time of lights off or the onset of locomotor activity for mice, however
also the time when cardiac PER2 levels were the highest. Indeed, at ZT0, when cardiac PER
levels were the lowest, infarct sizes were significantly bigger when compared to ZT12.
Despite the fact that mice are nocturnal, these findings were similar to findings seen in
humans. In fact, a recent study has shown that patients have larger infarct sizes in the early
morning compared to any other time of day (37). Interestingly, melatonin, as output of
circadian rhythms peaks at 3AM in men and at 5AM in mice. In fact, in both species
melatonin is suppressed with light ‘on’. Moreover, melatonin is synthesized and secreted
during the dark period, independent of whether the animal is diurnal or nocturnal (38). This
indicates that being ‘nocturnal’ might be a different mechanism than light controlled
circadian rhythm proteins and that the observed interrelation ship between cardiac PER2
levels and infarct sizes could be the same in mice and men.

It seems surprising that a circadian rhythm protein was found downstream of ADORA2b
signaling. However, it has been shown that cAMP, the second messenger of ADORA2b
signaling (Figure 1C) represents a core element of PER2 regulation (39). In fact, very early
studies found that CD73, the key enzyme of extracellular adenosine generation has a
circadian expression pattern (40). In addition, other studies found that mice kept at constant
darkness had altered fatty acid metabolism. A search for soluble signaling molecules in the
blood serendipitously identified 5" AMP and adenosine as possible candidates (41).
Moreover, recent genetic studies confirmed, that mice that lack any adenosine generation
have altered locomotor and metabolic activities (42).
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Conclusion

Adenosine as cardio-protective agent has become the point of interest since Berne’s theory
of adenosine as mediator of coronary blood flow (4). Since then adenosine had been found
to be critical for ischemic preconditioning of the heart — one of the most powerful infarct
size reducing mechanism at the bench (29, 30, 43-45). While all adenosine receptors have
been found to play a role in cardioprotection, detailed follow up studies are still missing.
What we know for the ADORAZ2D is, its regulation in human and mice during cardiac
ischemia (6), its critical role for cardiac ischemic preconditioning through cardiomyocytes or
endothelia cells (34) and its protective effect during IR injury through signaling on
inflammatory cells (31). A potential downstream target of ADORAZ2b signaling represents
PERZ2, a nuclear receptor that controls other transcription factors as cofactor (46) and is key
regulator of many metabolic processes (47, 48). However, specific drugs such as ADORA2b
agonists have not been introduced into clinical practice yet (9). Hopefully with a better
understanding of molecular mechanisms, more specific drugs targeting downstream
pathways of ADORAZ2b signaling will be able to find their way from bench to bedside.
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Figure 1. Role of ADORAZ2b activation in IR-injury and | P mediated car dioprotection
CD73 generates extracellular adenosine via phosphohydrolysis of AMP. Adenosine can then

bind to the ADORAZ2b and activate it. During ischemia and reperfusion (IR) injury,
activation of the ADORA2b on polymorph nuclear leukocytes (PMNSs) attenuates
myocardial infarct sizes by reducing TNF levels (A). During ischemic preconditioning (IP)
of the heart, activation of the ADORAZ2b on cardiomyocytes or endothelial cells confers
cardioprotection (B). IP-cardioprotection is mediated through a downstream protein known
as Period 2 (PER2) via CAMP. PER2 stabilization allows the oxygen deprived myocardium
to switch its metabolism to a more oxygen-efficient metabolism thereby decreasing infarct
sizes during ischemia (C). Alternative cardiac PER2 stabilization can be achieved by
exposure of mice to intense light which also leads to reduced infarct sizes in a murine model
for myocardial ischemia (D).
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