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This review presents an overview of cardiac A2A-adenosine receptors The localization of
A2A-AR in the various cell types that encompass the heart and the role they play in force
regulation in various mammalian species are depicted. The putative signal transduction
systems of A2A-AR in cells in the living heart, as well as the known interactions of A2A-AR
with membrane-bound receptors, will be addressed. The possible role that the receptors
play in some relevant cardiac pathologies, such as persistent or transient ischemia,
hypoxia, sepsis, hypertension, cardiac hypertrophy, and arrhythmias, will be reviewed.
Moreover, the cardiac utility of A2A-AR as therapeutic targets for agonistic and antagonistic
drugs will be discussed. Gaps in our knowledge about the cardiac function of A2A-AR and
future research needs will be identified and formulated.
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INTRODUCTION

There have been many reviews on adenosine receptors (AR), specifically A2A-AR (Fredholm et al.,
2001; Haskó and Pacher 2008; Fredholmet al., 2011; McIntosh and Lasley, 2012; Chen et al., 2013;
Headrick et al., 2013; Burnstock and Boeynaems, 2014; Burnstock, 2015; Boros et al., 2016).
However, there are few reviews on cardiac A2A-AR. The present work attempts to close this gap
in the literature.

In their pioneering work on the pharmacology of adenosine in the heart, Drury and
Szent-Györgyi (1929) showed that it can reduce the force of contraction and induce
arrhythmias, namely bradycardia. Adenosine alone has a negative chronotropic effect
on the sinus node, a negative dromotropic effect on the atrioventricular (AV) node, and a
negative inotropic effect on atrial tissue; after β-adrenergic stimulation, adenosine has a
negative inotropic effect on the ventricular tissue of most mammalian hearts (Shryock and
Belardinelli, 1997). Receptors that are activated by adenosine are called P1 receptors and
are differentiated from P2 receptors, which are preferentially activated by adenosine
triphosphate (ATP); this agonist selectivity can be lost if high concentrations of ATP or
adenosine are used.

The focus of the present review is the P1 receptors. There are four different receptors: A1, A2A,

A2B, and A3. In general, A1-AR and A3-AR inhibit adenylyl cyclase, while A2A-AR and A2B-AR
stimulate adenylyl cyclase activities in the heart (Olsson and Pearson, 1990).
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Receptor Structure
The A2A-AR gene was first cloned from mice and rats (Libert
et al., 1989; Chern et al., 1992). Researchers have generated and
studied at least three strains of knockout (KO) mice and two lines
of mice with a constitutive cardiac overexpression of A2A-AR, as
well as one line of mice with an inducible cardiac overexpression
of A2A-AR (Ledent et al., 1997; Chen et al., 1999; Xiao et al., 2006;
Boknik et al., 2018, Boknik et al., 2019; see Table 1). The A2A-AR
gene contains two exons (Fredholm et al., 2000) and is located on
human chromosome 22 (MacCollin et al., 1994). The gene can be
alternatively spliced, which could explain the different responses

to adenosine exhibited by patients (Haskó and Pacher 2008; Soma
et al., 1998). The A2A-AR belong to the class of G protein-coupled
heptahelical receptors (Figure 1; Fredholm et al., 2001, Fredholm
et al., 2011). Mutations to dissect the ligand binding sites and the
sequences involved in the signal transduction of the receptor have
been extensively studied and reviewed (Fredholm et al., 2001,
Fredholm et al., 2011). Polymorphism are known (Deckert et al.,
1996; Zhai et al., 2015; Nardin et al., 2018). The human receptor
contains 410 amino acids, while the mouse receptor has 409
amino acids; the apparent molecular weight is 45–55 kDa on gel
electrophoresis (Fredholm et al., 2001; McIntosh and Lasley

TABLE 1 | A2A-adenosine receptor knock out (KO) and cardiac overexpression mice.

Type References

KO Ledent et al. (1997)
KO Chen et al. (1999)
KO Xiao et al. (2006)
Flox Reutershan et al. (2007), Shen et al. (2008), Bastia et al. (2005)
Overexpression Constitutive Cardiac specific Boknik et al. (2018), Boknik et al. (2019), Chan et al. (2008)
Overexpression Inducible Cardiac specific Hamad et al. (2010)

Figure 1 | Scheme: Putative mechanism(s) of signal transduction of cardiac A2A-adenosine receptors (A2a-ARs). A2a-ARs via stimulatory G-proteins (Gs) can
activate adenylyl cyclase (AC) which would enhance the 3′-5′cyclic adenosine-phosphate (cAMP)-levels in compartments of the cardiomyocyte and activate cAMP-
dependent protein kinases (PKA) which would increase the phosphorylation state and thereby the activity of various regulatory proteins in the cell. Moreover,
phosphorylation state and thus the activity of ERK1/2, JNK, p38 and CREB could be enhanced by pathways via arrestins. PKA-stimulated phosphorylation might
also increase the current through the L-type Ca2+ channel (LTCC) and/or release of Ca2+ from the sarcoplasmic reticulum (SR) via the cardiac ryanodine receptor (RYR2);
both processes would increase force of contraction by increasing the Ca2+ acting on myofilaments. In diastole, Ca2+ is pumped via the SR-Ca2+ ATPase (SERCA) from
the cytosol into the SR. Activity of SERCA is increased by phosphorylation of phospholamban (PLB). The latter effect might also follow from inhibition of PP2A (a serine/
threonine phosphatase: PP) activity byMAP kinases and subsequent increased phosphorylation state and thus activation of I-1 (a specific inhibitory protein of PP1) which
will lead to decreased activity of PP1. Reduced activity of PP2A (and/or PP1) can increase phosphorylation of additional proteins and might thus increase the Ca2+

-sensitivity of myofilaments by dephosphorylation of the myosin light chains in the myofilaments which would increase force of contraction. Thus, A2A-ARsmight increase
the Ca2+ -sensitivity of myofilaments. In addition, cardiac A2A-ARs might act via the non-canonical pathway of β-arrestin, via α-actinin, via the Arf nucleotide site opener/
cytohesin-2, ubiquitin-specific processing protease, translin-associated protein-X and neuronal calcium-binding protein 2.
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2012). The homology of mouse and human A2A-AR is about 90%
(Fredholm et al., 2001).

The three-dimensional structure of A2A-AR has been studied
using crystallization. The X-ray structures of mutated human
A2A-AR bound to the following agonists have been reported:
adenosine or NECA (see Table 2; Lebon et al., 2012), CGS21680
(Lebon et al., 2015), UK-432097 (Xu et al., 2011), an A2A-AR
agonist and a G protein mimetic (Carpenter et al., 2016), and
A2A-AR antagonists (Table 3; Jaakola et al., 2008; Doré et al.,

2011). The often used agonist CGS21680 (Table 2) binds to
transmembrane regions 2 and 7 (Lebon et al., 2015). Nuclear
magnetic resonance spectroscopy was used to understand the
coupling of A2A-AR to G protein signal transduction. This has
been addressed with a special focus on the linking role of
Asp522.50 (Massink et al., 2015; Eddy et al., 2018). Several
human promoters of the A2A-AR gene have been
characterized (Haskó and Pacher 2008; St Hilaire et al., 2009).
In part, these promoters are thought to explain the upregulation

TABLE 2 | Agonists at A2A-adenosine receptors.

Agonist name Ki nM

Adenosine 310 Fredholm et al. (2011)
CGS 21680 27 Fredholm et al. (2011)

1,570 canine Glover et al., 2001
UK-432097 4 Fredholm et al. (2011)
ATL-146e (Apadenoson) 0.5 Fredholm et al. (2011)

44 canine Glover et al. (2001)
MRE 0094 (sonedenoson) ND Fredholm et al. (2011)
(CV-3146) regadenoson 290 Fredholm et al. (2011)
BVT 115959 Not disclosed https://clinicaltrials.gov/search/intervention � BVT.115959
NECA 9.7 Fredholm et al. (2011)
HE-NECA 2.2 Darbousset et al. (2014)
(WRC-0470) binodenoson 290 Fredholm et al. (2011)
WRC-0090 Shryock and Belardinelli (1997)
WRC-0013 Shryock and Belardinelli (1997)
UK371104 Anti lg 7.7 Jacobson et al. (2019)
GW328267X Anti lg 8.63 Jacobson et al. (2019)
9 ATL 313 (evodenoson) Anti lg 9.15 Jacobson et al. (2019)
LASSBio-294 9,500 da Silva et al. (2017)
PSB-15826 14.8 human recombinant De Filippo et al. (2016)
PSB-12404 IC50: 67 Fuentes et al. (2018)
PSB 16301 IC50: 5.5 Fuentes et al. (2018)
ATL-193 45.8 canine Glover et al. (2001)
PSB-033 44 El-Tayeb et al. (2011)
CV 1808 190 Cunha et al. (1996)
AMP597 56 Clark et al. (2000)
UK-432094 4.8 Xu et al. (2011)
LUF5834 28 Beukers et al. (2004)

IC50: in functional assays in µM.

TABLE 3 | A2A-adenosine receptor antagonists.

Antagonist aname Ki nM Indications References

Theophylline 1710 Fredholm et al. (2011)
Caffeine 9,560–23,400 Fredholm et al. (2011)
Istradefylline 2–91 M. Parkinson Fredholm et al. (2011), Cacciari et al. (2018)
Tozadenant 5 M. Parkinson Cacciari et al. (2018)
ZM 241385 0.8 Cacciari et al. (2018)
MSX-2 5–8.0 Fredholm et al. (2011), Cacciari et al. (2018)
SCH 58261 1.1–5 Fredholm et al. (2011), Cacciari et al. (2018)
SCH 442416 0.048–4.1 Fredholm et al. (2011), Cacciari et al. (2018)
Preladenant 0.9–1.1 M. Parkinson Fredholm et al. (2011), Cacciari et al. (2018)
Vipadenant 1.3 M. Parkinson Cacciari et al. (2018)
ST 1535 6.6–11 Fredholm et al. (2011), Cacciari et al. (2018)
ST 4206 9 Cacciari et al. (2018)
CGS 15943 1.2 Fredholm et al. (2011)
CSC 54 Fredholm et al. (2011)
V2006 1.3 Fredholm et al. (2011)

The range of Ki values is probably due to species differences and small difference in methodology.
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and downregulation of the receptors under stressful conditions,
such as ischemia.

Signal Transduction
In general, signal transduction (Figure 1; Table 4 of the A2A-AR
involves binding to stimulatory guanosine triphosphate-binding
proteins (Gs) in peripheral tissues (Kull et al., 2000; Fenton and
Dobson 2007), phosphatidylinositol 3-kinase (Schulte and
Fredholm 2000; Boucher et al., 2004), and an increase in the
amplitude of Ca2+ transients (Woodiwiss et al., 1999) or the
action on actinin (Burgueño et al., 2003). However, the positive
inotropic effect of A2A-AR activation is not solely dependent on
increases of Ca2+ in the cytosol of cardiomyocytes. In rat
ventricular cardiomyocytes, activation has also been found to
depend on Ca2+ independent mechanisms (i.e., an increased Ca2+

sensitivity of the myofilaments) (Woodiwiss et al., 1999). Due to
the various physiological functions performed by different
regions of the heart, it can be hypothesized that the expression
and the signal transduction mechanisms of A2A-AR could differ
between cardiomyocytes in several regions. However, this
hypothesis should be tested. Researchers have found that the
stimulation of A2A-AR increased cyclic-3′-5′-adenosine-
monophophate (cAMP) levels, stimulated cAMP-dependent
protein kinase (PKA) and phosphorylated cAMP response
element-binding protein (CREB) (Németh et al., 2003), and
activated non-canonical protein kinase B (AKT), extracellular
signal-regulated kinases (ERK), protein kinase C (PKC) (De Ponti
et al., 2007; Fredholm et al., 2007), and p38 signaling in skin cells
(Perez-Aso et al., 2014).

Interestingly, A2A-AR can also exert inhibitory effects in signal
transduction; for example, it can inhibit thrombin-induced
ERK1/2 phosphorylation (Hirano et al., 1996). It is thought
that the receptor probably increases the levels of
phosphorylated ERK1/2, p38 mitogen-activated protein kinase
(MAPK), and c-Jun N-terminal kinases (JNK) in mouse hearts;
higher levels of these proteins have been found in the hearts of

wild-type (WT)mice than in the hearts of A2A-AR KOmice (Ribé
et al., 2008). This finding was thought to explain why the
production of free radicals was lower in the hearts of WT
mice than in the hearts of A2A-AR KO mice (Ribé et al.,
2008). The stimulation of the A2A receptor increased the
cAMP levels, Ca2+ transients, and phospholamban and
troponin I phosphorylation states in transgenic (TG) mice
with a cardiac overexpression of A2A-AR, but not in WT mice
(Boknik et al., 2018, Boknik et al., 2019). From these data, we can
assume that more Ca2+ can be released from the sarcoplasmic
reticulum (SR) because activation of the A2A-AR via PKA
increases the phosphorylation state of the cardiac ryanodine
receptor (RYR2), which opens the RYR2 (Figure 1; Llach
et al., 2011).

Activation of the A2A-AR can also activate protein
phosphatases, namely PP1, and can lead to the translocation
of the PP1 activity from the soluble fraction to the particulate
fraction (Revan et al., 1996). This would lead to the
dephosphorylation of target proteins. Researchers also found
that the activation of A2A-AR in mouse hearts inhibits the
activity of PP2A in the myocardial particulate fraction,
although this effect was not present in preparations from A2A-
AR KO mice (Tikh et al., 2008). Interestingly, the researchers
found that the stimulation of the A1-AR increased PP2A activity
to a higher extent than the stimulation of the A2A-AR inWTmice
(Tikh et al., 2008).

Interactions of the A2A-AR With Other
Proteins
Studies have reported an interaction between A2A-AR and A1-AR
(Chan et al., 2008, Table 5). In brief, the cardioprotective effect
from the stimulation of the A1-AR was absent in the isolated
hearts from A2A-AR KO mice after reperfusion following 30 min
of global ischemia (Zhan et al., 2011). Another study found that
the A2A-AR in SH-SY5Y neuroblastoma cells formed

TABLE 4 | A2A-adenosine receptor: Signal transduction.

Signal Species/cell type References

PP2A Inhibition Tikh et al. (2008)
PP1 Translocation and activation Revan et al. (1996)

Dermal fibroblasts
Thrombin induced ERK phosphorylation Inhibits Hirano et al. (1996)
Gs Kull et al. (2000), Fenton and Dobson (2007)
PI kinase Schulte and Fredholm (2000), Boucher et al. (2004)
Ca2+ Increased Woodiwiss et al. (1999)
Actinin Burgueño et al. (2003)
Ca sensitivity Increased Woodiwiss et al. (1999)
Phospho erk Increased Mouse heart Ribé et al. (2008)
Phospho-p-38 Increased Mouse heart Ribé et al. (2008)
Phospho-JNK Increased Mouse heart Ribé et al. (2008)
Free radicals Reduced Mouse heart Ribé et al. (2008)
Ca2+ sparks Increased Atrial human cardiomyocytes Llach et al. (2011)
CREB phosphorylation Increased Leukocytes Koshiba et al. (1999), review: Rabadi and Lee (2015)
Free radicals Reduced Neutrophils Jordan et al. (1997)
Epac Activated Dermal fibroblasts Perez-Aso et al. (2013)
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heterodimers with cannabinoid CB1 receptors (Carriba et al.,
2007). A2A-AR can also interact with the Arf nucleotide site
opener/cytohesin-2, ubiquitin-specific processing protease,

translin-associated protein-X, and neuronal calcium-binding
protein 2 (Ciruela et al., 2010). The A2A-AR can form
homodimers, homomultimers, and heterodimers with A1-AR,

TABLE 5 | A2A-adenosine receptor interactions.

Receptor References

A1 Function mouse
heart

Cardioprotection inotropy Tikh et al. (2006), Zhan et al. (2011), Methner et al. (2010), Urmaliya et al.
(2010), Chan et al. (2008)

A1 Function rat heart Norton et al. (1999)
A1 Heterodimer formation Review: Ferré et al. (2014)
A2A Homodimer, homomultimer formation Canals et al. (2004), Burgueño et al. (2003), Ferré et al. (2014)
A2B Cardioprotection Moriyama and Sitkovsky (2010)
A3 Mouse aortic rings Function inhibited Tawfik et al. (2005), Talukder et al. (2002)
CB1 Neuroblastoma

cells
Heterodimer formation Carriba et al. (2007)

D2 Heterodimer formation, heterotetramer
formation

Navarro et al. (2016), Bonaventura et al. (2015)

Ferré et al. (2014)
D2-mGlu5 Cabello et al. (2009)
D2-CB1 Navarro et al. (2008)
D2-calmodulin Navarro et al. (2009)
D3 Torvinen et al. (2005)
Arf nucleotide site opener Ciruela et al. (2010)
Ubiquiting-specific processing
protease

Ciruela et al. (2010)

Translin-associated protein-X Ciruela et al. (2010)
Neuronal calcium-binding pro-
tein 2

Ciruela et al. (2010)

Figure 2 | Scheme: Putative pathophysiological role(s) of cardiac A2A-ARs. A2A-ARs can enhance LPS via receptors in the sarcolemmal alters nuclear gene
transcription and putative detrimental proteins aremade that impair cardiac contractility. Hypoxia and ischemia impair respiration and thus ATP formation inmitochondria
or activate directly hypoxia dependent transcription factors. Themitochondrial process is attenuated by compounds like 5-hydroxy-deanoate (5-HD). Adriamycin impairs
mitochondrial function. Hypertension can lead to hypertrophy which alters cardiac gene expression in detrimental ways leading to arrhythmias and heart failure.
Altered expression of sarcolemmal ion channels and stimulation of A2A-ARs can lead to supraventricular or ventricular arrhythmias by alteration of Ca2+ homeostasis.
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dopamine D2 receptors, and A2A-AR (Moriyama and Sitkovsky,
2010; Ferré et al., 2014; Bonaventura et al., 2015; Navarro et al.,
2016). Moreover, homodimers or homomultimers of A2A-AR can
also be formed (Canals et al., 2004). Interestingly, the dimeric
form and not the monomeric form of the A2A-AR is thought to be
the functional form (Burgueño et al., 2003). The A2A-AR can also
form dimers and multimers with metabotropic glutamate
receptor 5, N-Methyl-D-Aspartate (NMDA) receptors and
cannabinoid receptors (Headrick et al., 2013; Table 5;
Figure 2). Functionally, the A1-AR, and possibly the A3-AR,
can inhibit the relaxation in mouse aortic rings mediated by A2A-
AR (Talukder et al., 2002; Tawfik et al., 2005). The A2A-AR can
also form complexes with D2 dopamine receptors (Borroto-
Escuela et al., 2011).

An interaction between the A1-AR and the A2A-AR occurs on
a functional level in the heart. Stimulation of the A1-AR reduces
the positive inotropic effect (i.e., an increase in the force of
contraction) of isoproterenol, which is a β-adrenoceptor
agonist. This well-known effect was attenuated in perfused rat
hearts through the additional stimulation of the A2A-AR (Norton
et al., 1999), as well as in the perfused hearts from WT mice;
however, the effect was absent in the hearts of A2A-AR KO mice
(Tikh et al., 2006). Similarly, isoproterenol increased Ca2+

transients in electrically stimulated rat ventricular
cardiomyocytes; this effect was attenuated through the
activation of A1-AR and the addition of A2A-AR antagonists
(Norton et al., 1999). The constitutive overexpression of the A1-
AR in the heart led to cardiac dilatation in mice, which was not
seen in mice coexpressing A2A and A1 receptors; this might
suggest there is a beneficial interaction between these receptors
that is determined by the different effects of expression of the

sarcoplasmic reticulum Ca2+ ATPase (SERCA) (Chan et al.,
2008).

Expression
There are several types of cardiomyocytes in the heart: atrial
cardiomyocytes form the main bulk of atrial muscle; ventricular
cardiomyocytes; cardiomyocytes that form the path of the system
that propagates depolarization from the sinus node, specialized
cells in the atrium (Bachmann bundles), the sinus node (SA)
node, Tawara branches, and Purkinje bundles (Figure 3).
Alterations in this pathway are expected to be of clinical
relevance because they can lead to various cardiac
arrhythmias. Alterations in the expression of A2A-AR might be
relevant for both primary arrhythmias due to inborn errors and
secondary arrhythmias from ischemia, hypertrophy, drug
treatment, or aging. However, more work on this topic needs
to be undertaken.

In terms of the expression and cellular heterogeneity of A2A-
AR in the heart, these receptors are known to be present and
functional in blood cells that are continuously transported to and
from the heart by the circulatory system (Table 6). A2A-AR
comprise various types of leukocytes, macrophages, mast cells
(Marquardt et al., 1994), neutrophils (Fredholm et al., 1996),
thrombocytes, and erythrocytes. In histological studies, such as
RNA detection using single cell polymerase chain reaction (PCR)
or in situ hybridization, it is sometimes possible to clearly identify
the receptor in different cell types; in studies using antibodies, the
specificity can be poor. However, when using cardiac
homogenates, the A2A-AR can be measured in all cell types
and one might assume that the signal mainly arises from the
cardiomyocytes but the signal might arise also from other cell
types in the heart. For example, in one study, all P1 receptors,
including A2A-AR, were detectable in the heart using reverse
transcription and PCR (see Table 6). Adult rat ventricular
cardiomyocytes, as well as adult mouse and porcine
ventricular cardiomyocytes, contained A2A-AR mRNA and
protein (Xu et al., 1996; Marala and Mustafa 1998; Kilpatrick
et al., 2002; Chandrasekera et al., 2010). Moreover, A2A-AR
mRNA and protein were detected in human atrial
preparations using Western blotting (Hove-Madsen et al.,
2006; Llach et al., 2011); according to its histochemistry, A2A-
AR were located with the cytoskeletal-associated protein
α-actinin at the Z-line of the sarcomere in the atrial specimens
(Hove-Madsen et al., 2006). A2A-AR have also been detected on
endothelial cardiac cells (Hein et al., 1999) and vascular smooth
muscle cells (Teng et al., 2008).

Altered A2A-AR Levels
The level of A2A-AR in tissues can be altered by various stimuli.
Changes in these levels may have relevance to cardiac diseases.
For example, carbon monoxide increases the expression of A2A-
AR in macrophages (Haschemi et al., 2007). Similarly, when
lipopolysaccharide (LPS) was used to induce inflammation, the
expression of A2A-AR increased in murine and human
macrophages and epithelium cells via the (nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB)
pathway (Murphree et al., 2005; Morello et al., 2006; Haskó

Figure 3 | Schematic cardiac conducting system and regional
adenosine receptor expression in the heart (modified from Stein et al., 1998).
The anatomical localization of the sinus node (SA), the AV node (AV) the bundle
of His (His). The Purkinje fibers (Purkinje) and the work generating muscle
cells in the atrium and the ventricle are depicted. In these structures A2A-ARs
were functionally and/or biochemically detected. Their stimulation can explain
the functional consequence listed in the adjoining table.
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and Pacher 2008). Hypoxia via hypoxia-inducible factor like
HIF2α also increased the expression of A2A-AR in pulmonary
endothelial cells (Ahmad et al., 2009). Pharmacological treatment
can also increase A2A-AR: caffeine increas the A2A-AR density in
for instance platelets (Varani et al., 1999). Likewise, diazepam
treatment can increase the function of A2A-AR stimulation in rat
pulmonary arteries (Ujfalusi et al., 1999). D2-dopamine receptor
stimulation could increase the function (cAMP production) in
neuroblastoma cells (Vortherms and Watt, 2004).

The expression of A2A-AR can also be diminished. For
instance, increased cAMP levels reduced the expression of
A2A-AR in cell cultures (Headrick et al., 2013). A2A-AR
agonists can lead to desensitization (see Table 7), as seen with
many other G protein-coupled receptors, possibly through
binding the receptor to α-actinin and receptor internalization
(Chern et al., 1993; Svenningsson et al., 1995, Svenningsson et al.,
1999); this effect does not occur with antagonists (Halldner et al.,
2000). In DDT1 MF-2 and PC12 cells, short-term (less than
30 min) treatment with an agonist reduced the subsequent
induced increases in cAMP levels without any loss of A2A-AR
on the cell surface (Ramkumar et al., 1991; Chern et al., 1993;
Klaasse et al., 2008). Another study reported a functional
desensitization after 2 h of treatment with NECA, which
reduced the vasorelaxation of porcine coronary arteries after a
second exposure of NECA (Conti et al., 1997). In cell cultures

mutational analysis revealed there were different phosphorylation
sites on the A2A-AR (Palmer and Stiles, 1997). In human
monocytoid THP-1 cells, tumor necrosis factor alpha (TnF-α)
inhibited the agonist-induced desensitization of A2A-AR by
preventing the translocation of G-protein-coupled receptor
kinase 2 (GRK2 to the plasma membranes (Khoa et al., 2006).
The desensitization of A2A-AR seems to involve arrestin 2 and 3
(Burgueño et al., 2003). It is thought that the internalization of
A2A-AR involves its C-terminus and its interaction with α-actinin
(Burgueño et al., 2003).

Role of A2A-AR in Cardiac Disease
Arrhythmia
In TG mice, the genetic overexpression of A2A-AR (Figures 2, 3;
Table 1) in the heart makes them much more susceptible than
WT mice to negative inotropic effects and to the arrhythmogenic
effects of intraperitoneally injected adriamycin (Hamad et al.,
2010). This suggests that A2A-AR have a detrimental reaction to
stressors, such as adriamycin; adriamycin is an anti-cancer drug
that can cause heart failure and arrhythmias in some patients in a
dose- and time-dependent manner. Compared withWTmice, the
A2A-AR in TG mice might be more susceptible to adriamycin-
induced arrhythmias because they express less connexin 43,
which is a protein that is important for myocardial conduction
(Hamad et al., 2010). Interestingly, when A2A-AR overexpression

TABLE 6 | A2A-adenosine receptor: Tissue Distribution in heart and blood.

Tissue Species/cell type References

1. Cardiomyocytes
1.1 Adult rat Xu et al. (1996); Kilpatrick et al. (2002)
1.2 Pig Marala and Mustafa (1998)
1.3 Human Hove-Madsen et al. (2006); Marala and Mustafa (1998); Llach et al. (2011)
1.4 Mouse Chandrasekera et al. (2010), Morrison et al. (2006)

2. Blood cells
2.1 Platelets Amisten et al. (2008)
2.2 Mast cells Review: Gao and Jacobson (2017)
2.3 Macrophages Review: Haskó and Pacher (2012)
2.4 Neutrophils Fredholm et al. (1996)
2.5 Erythrocytes Kamata et al. (2008)

3. Vascular smooth muscle cells Teng et al. (2008)
4. Coronary endothelial cells Hein et al. (1999), Olanrewaju and Mustafa (2000)
5. Lymphocytes Review: Brown et al. (2008)
6. Basophils Review: Brown et al. (2008)
7. Fibroblasts Rat heart Chen et al. (2004), Epperson et al. (2009)

TABLE 7 | A2A-adenosine receptor sensitization and desensitization.

Agonist/Intervention Tissue Read out References

NECA Relaxation of coronary bovine arteries Force Desensitization Conti et al. (1997)
NECA DD1 MF cells cAMP Desensitization Ramkumar et al. (1991)
NECA PC12 cells cAMP Desensitization Chern et al. (1993)
Hypoxia Pulmonary endothelial cells A2A-AR mRNA Sensitization Ahmad et al. (2009)
Caffeine Platelets A2A-AR radio-ligand binding Sensitization Varani et al. (1999)
LPS
Diazepam Rat pulmonary arteries Relaxation Ujfalusi et al. (1999)
D2 receptor stimulation Neuroblastoma cells cAMP Vortherms and Watts (2004)
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was induced after treatment with adriamycin, the mortality of the
TG mice was lower than that of the WT mice (Hamad et al.,
2010). One study reported that mice with a constitutive cardiac
specific overexpression of A2A-AR had an increased basal heart
rate (Chan et al., 2008). In patients with atrial fibrillation, the
expression of A2A-AR was increased (Csóka et al., 2010).
Stimulation of the A2A-AR in isolated human cardiomyocytes
increases Ca2+ sparks by increasing the Ca2+ current through the
sodium–calcium exchanger (INaCa), which can lead to cellular
depolarization, initiate afterdepolarizations, and cause cardiac
arrhythmias (Figure 2; Llach et al., 2011). A2A-AR have also been
expressed in human atrial preparations, which may lead to
alterations in the frequency of spontaneous Ca2+ release
(Hove-Madsen et al., 2006). Alternatively, the action of
adenosine can induce bradycardia and subsequently lead to
atrial fibrillation (Isa-Param et al., 2006). Ischemia can also
induce increases in adenosine, which can lead to arrhythmias
(Bertolet et al., 1997).

Interestingly, one study found that atrial dilation and atrial
fibrillation were accompanied by an increase in A2A-AR mRNA
and protein levels, which was conceivably due to an increase in
RyR2 phosphorylation (Llach et al., 2011). This may alter the flow
of Ca2+ through the sarcolemmal sodium–calcium ion exchanger
(NCX) and lead to arrhythmias (Figure 2; Llach et al., 2011). The
study found that the stimulation of the A2A-AR induced altered
Ca2+ sparks in isolated human atrial myocytes (Llach et al., 2011).
Moreover, CGS21680 enhanced currents through the NCX in
isolated atrial cardiomyocytes from patients with atrial
fibrillation, but not in samples from patients in sinus rhythm
(Llach et al., 2011). Interestingly, endogenous adenosine is able to
stimulate NCX in atrial cardiomyocytes from patients with atrial
fibrillation (Llach et al., 2011).

It has been suggested that the stimulation of A2A-AR may
increase the Ca2+ content of the SR and the stimulation of the
NCX might increase Ca2+ inflow in cells. The increased levels of
Ca2+ in the SR may result in an increased release of Ca2+ from the
SR, which can lead to delayed afterdepolarization and, thus, to
atrial arrhythmias, such as atrial fibrillation (Figure 2). There is
evidence that the stimulation of A2A-AR mediates vasodilation,
which may lead to tachycardia by reducing blood pressure. The
decrease in blood pressure leads to reflective tachycardia through
the stimulation of the baroreceptor, which stimulates the
sympathomimetic outflow from the central nervous system. In
living rats, the stimulation of the A2A-AR leads to tachycardia by
the direct activation of the sympathetic tone and by the release of
noradrenaline, which stimulates the β-adrenoceptors on the sinus
node (Dhalla et al., 2006). Using telemetric electrocardiograms,
we confirmed the positive chronotropic effect of A2A-AR
expression alone and its stimulation by a selective A2A-AR
agonist in living animals (Boknik et al., 2019). It is relevant
that we could detect an enhanced incidence of arrhythmias in
living animals after stimulation of the A2A-AR because it may
indicate that the proarrhythmic effect of A2A-AR expression is so
strong that vagal or other neural compensatory mechanisms
cannot overcome it (Boknik et al., 2019). We predict that the
same might apply in humans. There is experimental evidence that
the positive chronotropic effect of A2A-AR stimulation by

regadenoson was caused by the direct stimulation of the
sympathetic nervous system in rats (Woodiwiss et al., 1999).
Another study showed that the stimulation of A2A-AR in isolated
human atrial myocytes promoted irregularities in Ca2+ transients,
such as spontaneous calcium ion waves (Csóka et al., 2010).
Spontaneous Ca2+ release has been reported to initiate atrial
fibrillation in human atrial myocytes (Monahan et al., 2000; Jiang
et al., 2011; Llach et al., 2011). Future studies should determine
whether the increase in A2a-AR is the cause or the result of atrial
fibrillation in humans.

Ischemia and Hypoxia
In general, A2A-AR exert a protective role in the heart. For
instance, the A2A-AR can protect the brain against ischemia
(Jiang et al., 2011; Fronz et al., 2014; Melani et al., 2014).
However, contradictory results have been reported. For
instance, one study found that the stimulation of A2A-AR
produced detrimental effects in the brain of A2A-AR KO mice,
while an antagonist was associated with beneficial effects in the
brain in theses mice (Phillis, 1995; Chen et al., 1999; Chen et al.,
2007). Similar effects were noted in the kidney, which could be
partly explained by the fact that A2A-ARmediate vasodilation and
anti-inflammatory effects by reducing the production of cytokine
and chemokine in leukocytes, including macrophages,
lymphocytes, and neutrophils, in the kidney (Rabadi and Lee,
2015). The mechanism may involve cAMP-dependent
phosphorylation of CREB and subsequent alterations in gene
transcription (Rabadi and Lee, 2015). The activation of A2A-AR
in regulatory T lymphocytes (Koshiba et al., 1999) also plays a
part in renal protection (review: Rabadi and Lee, 2015; Lasley,
2018). However, the stimulation of the A2A-AR in mice with cecal
ligation had detrimental effects, as seen in that model of chronic
inflammation and sepsis (Haskó and Pacher, 2008). Thus,
depending on the method of disease generation, as well as the
acute or chronic nature of inflammation, A2A-AR play two
contrasting roles in the heart. As previously mentioned,
reperfusion leads to cardiac dysfunction if ischemia is
prolonged, which is partially due to non-cardiomyocytes, such
as neutrophils. The activation of A2A-AR diminished neutrophil
adherence to endothelial cells and decreased the production of
superoxide anions; this might partly mediate reperfusion injury in
the mammalian heart (Jordan et al., 1997). However, in rabbits,
the stimulation of A2A-AR could reduce cardiac ischemia-
induced arrhythmia (Schreieck and Richardt, 1999).

In the present context, A2A-AR could protect the myocardium
of adult rats with an coronary occlusion (Lozza et al., 1997; Ke
et al., 2015). A2A-AR agonists also protect the heart function
against septic injury (Thiel et al., 1998; Tofovic et al., 2001; Braun-
Dullaeus et al., 2003; Reutershan et al., 2007). However, what is
the role of endogenous adenosine in sepsis? In A2A-AR KO mice,
sepsis was more pronounced than in WT mice (Reichelt et al.,
2013; Ashton et al., 2017) or unaltered (Reutershan et al., 2007).
Therefore, the role of A2A-AR in sepsis might be quite subtle; age
and gender might also be a factor, as older male KO mice
exhibited a poor prognosis (Ashton et al., 2017). A2A-AR also
protect against postconditioning (Dhalla et al., 2006; Morrison
et al., 2007; review; McIntosh and Lasley 2012) and
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preconditioning (Button et al., 2005; Yang et al., 2005) and
ischemia and reperfusion in vivo rats (Kis et al., 2003; Ke
et al., 2015). However, some studies of preconditioning
showed that the stimulation of A2A-AR prior to ischemia did
not provide any protection against a decrease in force (reviewed
in McIntosh and Lasley, 2012). Activation of A2A-AR in
postconditioning might be of special therapeutic utility for
patients with coronary heart disease. Reperfusion of coronary
arteries in patients by balloon dilation can sometimes lead to
arrhythmias or a reduction in the force of contraction to levels
lower than those before occlusion. These detrimental
complications of reperfusion could be attenuated in the clinic
by giving an A2A-AR-agonist intravenously before reopening the
occluded artery. For instance, rats in an in vivo ischemia model
were given A2A-AR agonists, such as CGS21680, which was
beneficial in preventing biochemical signs of autophagy (Ke
et al., 2015). Cardiac specific overexpression of A2A-AR in
mice, increased the sustaining of pressure after reperfusion,
possibly by altering the electrical properties of cardiomyocytes
and these beneficial effects were absent when A2A-AR antagonists
were used supporting the studies on a beneficial effect of A2A-AR
stimulation prior to ischemia and reperfusion. This beneficial
effect translates to a longer time to contracture during ischemia in
these hearts. The beneficial effect might be due effects on the
mitochondria Boknik et al., 2018.

A lack of beneficial effects from the activation of A2A-AR on
cardiac preconditioning has also been reported (Lasley and
Mentzer, 1992; Thornton et al., 1992; Yao and Gross, 1993;
Lasley et al., 2007). This result might be due to the use of
different species or methods, such as the type and dose of
agonist used, and the timing of the agonist application.

It is possible that more than one type of cell is involved in the
mechanism of cardioprotection. Lymphocytes, neutrophils, mast
cells, basophils, dendritic cells, monocytes, epithelial cells,
endothelial cells, and macrophages contain A2A-AR (Revan
et al., 1996; Jordan et al., 1997; Germack and Dickenson, 2005;
Rork et al., 2008; Csóka et al., 2012; Burnstock and Boeynaems,
2014). A2A-AR are also present on platelets; activation of these
receptors inhibits platelet aggregation (review: Burnstock 2015).
It has been suggested that the A2A-AR contribute to the
functional cardioprotective action of the A1-AR (Methner
et al., 2010; Urmaliya et al., 2010; Zhan et al., 2011). A
beneficial interaction between the A2A-AR and the A2B-AR has
been described in the heart (Xi et al., 2009). The protective
mechanism of the A2A-AR seems to involve actions on the
mitochondria of the heart in rats (Ke et al., 2015). In
pulmonary endothelial cells, hypoxia via HIF2α not only
increases the density of the A2A-AR mRNA and protein, but
also generates more adenosine through the induction of
adenosine-producing enzymes (Ahmad et al., 2009). Moreover,
the overexpression of A2A-AR in human lung microvascular
endothelial cells led to an increase in cell proliferation and
promoted increased angiogenesis (Ahmad et al., 2009). An
increased expression of A2A-AR in tumors was noted in
patients with lung cancer compared with healthy lung regions
from the same patients (Ahmad et al., 2009). In hypoxia, the
uptake of adenosine into cells is diminished, which leads to high

extracellular concentrations of adenosine that activate the A2A-
AR (Eltzschig et al., 2005; Löffler et al., 2007; Morote-Garcia et al.,
2009). Low concentrations of adenosine are expected to bind to
and activate the high-affinity A1-AR; in a pathophysiological
context, further increases in adenosine activate the A2A-AR
because of their low affinity for adenosine. However, in
functional cAMP production in cells, A1-AR and A2-ARbshow
the same affinity for adenosine (Fredholm, 2014). Under basal
physiological conditions, adenosine concentrations range
between 30 and 200 nM, which are sufficient to activate both
A1-AR and A2A-AR (Fredholm, 2014). Very high levels of
adenosine (1 µM adenosine) were reported after platelet
aggregation (Fredholm, 2014), ischemia, and necrotic cell
death (Fredholm, 2014). The A2A-AR can lead to the dilation
of coronary arteries and might be deleterious in patients with
Morbus Parkinson (Fredholm, 2014). Clinically, adenosine and
its precursor ATP are useful for stopping supraventricular
arrhythmias. Therefore, the actions of adenosine in
mammalian hearts are of clinical relevance and merit further
investigation.

Whereas A1-AR and A3-AR protect the heart when activated
before ischemia, stimulation of A2A-AR can protect a rat heart at
the beginning of a reperfusion injury (Jordan et al., 1997;
Cargnoni et al., 1999; Yang et al., 2006; Kuno et al., 2008;
Headrick and Lasley, 2009; Xi et al., 2009; Methner et al.,
2010). Overexpression of A2A-AR protects against cardiac
damage because the enzymatic activity of AST, which is a
marker for the inability of the sarcolemma to contain
ingredients within the cell, only increased in the WT mice and
not in the TG mice (Boknik et al., 2018). In all probability, this
protection was mediated by the A2A-AR because the protective
effect in the TG mice was abolished by applying the A2A-AR
antagonist ZM 241385 (Boknik et al., 2018). The protective effect
may involve the mitochondria, as the phosphorylation state of
pAKT was increased to a higher extent during reperfusion in the
TG mice than in the WT mice (Boknik et al., 2018, 2019).

It might be speculated that if A2A-AR are beneficial in
reperfusion, one might try to increase the levels of A2A-AR in
the heart by injection of adenovirus containing the cDNA for the
A2A-AR intravenously or even in the coronary arteries. In this
way it may be possible to increase the A2A-AR in leukocytes but
also in coronary endothelial cells. The amount of the adenovirus
should probably not be so elevated as also the increase A2A-AR in
cardiomyocytes: though this might improve cardioprotection
(Boknik et al., 2018), there is the danger to induce sinus
tachycardia or other arrhythmias (Boknik et al., 2019), known
for all cAMP-increasing agents.

Heart Failure
There is a debate about whether A2A-AR are functional
(i.e., increase cAMP and contractility) in the mammalian
heart; the effect of A2A-AR may also be species- or method-
dependent. Studies have reported a lack of effect in the rat
(Shryock et al., 1993), guinea pig (Behnke et al., 1990; Boknik
et al., 1997), and rabbit (Kilpatrick et al., 2002). However, other
studies have reported a functional response in mice (Morrison
et al., 2006) and rats (Monahan et al., 2000). It is important to
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note that A2A-AR protein levels have been detected in human
hearts (Marala and Mustafa, 1998). Work on isolated and
perfused A2A-AR KO (i.e., constitutive deletion) mouse hearts
clearly established that the A2A-AR agonist CGS21680 was
selective; <1 µM CGS21680 increased contractility in WT
mouse hearts, but not in hearts from A2A-AR KO mice
(Morrison et al., 2002). Furthermore, we noted a functional
role of A2A-AR stimulation in isolated paced right atrial
preparations from diseased human hearts (Boknik et al., 2018).
However, under basal conditions in which no CGS21680 was
given, there was no difference in the contractility of WT and KO
mouse hearts (Ashton et al., 2017; Morrison et al., 2002). The
stimulation of the A2A-AR produced a positive inotropic effect
(Table 8; Woodiwiss et al., 1999; Monahan et al., 2000; Chan
et al., 2008; Dobson et al., 2008; Tikh et al., 2008), which increased
in the presence of additional A1-AR blockade DPCPX (Fredholm
et al., 2011 for selectivity of DPCPX). One study noted that the
stimulation of A2A-AR had no positive inotropic effect (Kilpatrick
et al., 2002). Some studies reported that the A2A-AR increased in
patients with heart failure (Stein et al., 1998), while one study
found that A2A-AR mRNA level decreased in Japanese patients
with heart failure (Asakura et al., 2007). The plasma adenosine
concentration increases in human heart failure (Funaya et al.,
1997). In neutrophils and T cells, the expression of A2A-AR is
regulated by miR-214, miR15, and miR 16 (Heyn et al., 2012).
Other studies have reported on a constitutive cardiac specific
overexpression (Chan et al., 2008) or an inducible overexpression
(Hamad et al., 2010) of human A2A-AR in a mouse heart. One
group used their model to study the in vivo functional interaction
of A1-coexpression with A2A-AR (Chan et al., 2008). A2A-AR
have a protective role in pressure overload from aortic banding

(Hamad et al., 2012) and against cardiomyopathy from chronic
adriamycin treatment (Hamad et al., 2010).

It might be speculated that physiological alterations of the
A2A-AR occur in myocardial ischemia; for instance, changes
could happen during infarction and stenting of a vessel.
Therefore, the receptors may present a target for the
pharmacological treatment of cardiac arrhythmias. However,
more detailed studies are needed.

Following ischemia in the brain, there was an increased
expression of A2A-AR (Trincavelli et al., 2008). The beneficial
effects of A2A-AR activation have been reported in autoimmune
diseases, such as colitis, rheumatoid arthritis, and hepatitis, as
well as after mechanical trauma to the nervous system (Choukèr
et al., 2008; Di Paola et al., 2010; Mazzon et al., 2011; Paterniti
et al., 2011). Polymorphisms of the A2A-AR have been correlated
with human chronic heart failure (Zhai et al., 2015).

It is questionable to stimulate endogenous (or by application
of an adenovirus containing the cDNA for the A2A-AR), as the
A2A-AR will increase cAMP and cAMP increase can lead to
arrhythmias. Another caveat is in order: to the best of our
knowledge, it has not been reported that A2A-AR agonist can
increase force of contraction in the human ventricle, though this
is usually taken for granted (Table 8).

Clinical Relevance of A2A-AR Agonists and
Antagonists
A2A-AR activation is used in clinics to assess the vasodilatory
functions of coronary arteries during nuclear magnetic studies.
Adenosine is also used to treat supraventricular arrhythmias.
Some of the adverse effects of adenosine include flushing and

TABLE 8 | Species- and region-dependent cardiac effects of stimulation of cardiac A2A-adenosine receptors.

Species/tissue A2A-AR agonist used

Human atrium Boknik et al. (2018) PIE CGS 21680
Human ventricle ND
Rat cardiomyocytes Woodiwiss et al. (1999) PIE CGS 21680
Perfused rat ventricle Monahan et al. (2000) PIE Adenosine
Rat ventricular cardiomyocytes Shryock et al. (1993) No PIE WRC 0090

WRC 0013
Guinea pig ventricular cardiomyocytes Shryock et al. (1993) No PIE WRC 0090

WRC 0013
Rabbit ventricular cardiomyocytes Shryock et al. (1993) No PIE WRC 0090

WRC 0013
Guinea pig atrium Böhm et al. (1986) No PIE NECA
Guinea pig ventricle Isolated cardiomyocytes: Behnke et al. (1990), Boknik et al. (1997) No PIE NECA

No PIE CGS 21680
Mouse atrium Wild type mice: left atria, Boknik et al. (2018), Boknik et al. (2019) No PIE No PCE

CGS 21680 CGS 21680
Mouse atrium A2A receptor overexpressing mice atria: Boknik et al. (2018), Boknik et al. (2019) PIE PCE

CGS 21680 CGS 21680
Mouse ventricle wild type Tikh et al. (2008), Boknik et al. (2018), Boknik et al. (2019) PIE CGS 21680

CGS 21680
Mouse ventricular cardiomyocytes wild type Dobson et al. (2008) PIE CGS 21680
Mouse ventricle A2A receptor overexpressing mice: Boknik et al. (2018) PIE PCE

CGS 21680 CGS 21680
Rabbit ventricle Kilpatrick et al. (2002) No PIE CGS 21680

ND, not done; No, no inotropic effect; PCE, positive chronotropic effect; PIE, increase in contractility.
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hypotension; these effects have been attributed to the action of
vasodilatory A2A-AR (review: Headrick et al., 2013). The A2A-
AR antagonists istradefylline and tozadenant are new
compounds that have been used to treat patients with
Morbus Parkinson (review: Chen et al., 2013) or sickle cell
disease (Chen et al., 2013).

Many people drink coffee or tea that contains caffeine and
theophylline at levels that can block A1-, A2A-, A2B- and A3-AR
(Fredholm et al., 1999; Chen et al., 2013). Thus, caffeine might
interfere with agonists, but might potentiate antagonists. Clinical
studies have found that caffeine was beneficial in patients with
Morbus Parkinson (Chen et al., 2013).

A2A-AR agonists and antibodies have also been clinically applied
(Table 9; Cargnoni et al., 1999; Cerqueira et al., 2008; Palani et al.,
2011; Molina et al., 2016). For instance, the A2A-AR agonists ATL
146e and MRE-0094 have been investigated to promote wound
healing in patients with chronic neuropathic diabetic foot ulcers;
they have also been used to treat arthopathies; lung diseases, such as
COPD; hepatic ischemic diseases; renal ischemic diseases;
inflammatory bowel disease; and ischemic brain diseases (Haskó
and Pacher, 2008). One possible drawback to using these agonists is
that they stimulate the A2A-AR on vascular smooth muscle cells,
which would lead to vasodilation and a subsequent decrease in
blood pressure (Hein et al., 1999; Haskó et al., 2006). Thus, these

agonists may be used as antihypertensive agents, but should not be
used to treat foot ulcers. After chronic stimulation of A2A-AR, the
downregulation of a homologous receptor might occur for many G
protein-coupled receptors, such as the 5-HT4-serotonin receptor
(Gergs et al., 2017). If the stimulation of an immune receptor is
intended, then an A2A-AR antagonist for cardiac disease might be
tried. For instance, A2A-AR antagonists have been used at the clinic
for the treatment of patients with Morbus Parkinson. Moreover,
theophylline, which is used to increase mucociliary clearance in
patients with COPD, and dipyridamole, which inhibits adenosine
transporters on cell surfaces, increase adenosine levels near A2A-AR.
Adenosine and its metabolite inosine can be transported through
cell membranes by bidirectional and concentrative transporters
(Podgorska et al., 2005). One of the side effects associated with
the use of adenosine to stop paroxysmal supraventricular
arrhythmias involves bronchoconstriction by the stimulation of
the bronchostrictory A2A-AR (Chen et al., 2013). A2A-AR agonists,
such as regadenoson, are clinically used to detect latent ischemia in
patients (Cerqueira et al., 2008). Other experimental agonists
include CGS21680, UK-432097, and BVT115959 (Jacobson and
Müller, 2016). Therefore, activation of A2A-AR could lead to
arrhythmias in patients that have high expression levels of A2A-
AR in the heart.

Ongoing Clinical Studies
There is an ongoing study using oral AB928, a novel dual A2aR/
A2bR antagonist (Seitz et al., 2019) to treat prostate cancer by
inhibiting AR mediated cell proliferation (University of
California, United States: clinical trials.gov identifier:
NCT04381832). There is another trial on prevention of injury
of ischemia and reperfusion using regadenoson which is an A2AR
agonist: in this case the ischemic injury in the lung blood vessels
in lung transplantation will be tried to treat using intravenously
applied regadenoson (University of Maryland, United States:
clinical trials.gov NCT04521569). A similar trial is ongoing in
Toronto, Canada (clinical trials.gov identifier: NCT04521569)
Another trial is mainly intended to used expression levels of
A2A-AR as a prognostic factor in cardiovascular disease. More
specifically this study is evaluating the discriminating capacities
of A2A adenosine receptors expression on the surface of
circulating lymphocytes for the detection of coronary artery
disease in patients hospitalized for surgery of the aorta and/or
arteries of the lower limbs (Marseille, France: clinical trials.gov
identifier NCT04640844).

Open Questions
The roles of various canonical and non-canonical pathways of
A2A-R signal transduction merit further investigation. Biased
agonists might offer new therapeutic options. The exact roles
of A2A-AR in chronic heart failure, ischemia, and reperfusion, as
well as in cardiac protection against myocardial infarction and
arrhythmias need to be more carefully studied and translated into
clinical settings. It remains unclear whether A2A-AR agonists or
antagonists might be useful. It is conceivable that interactions
with other receptors are important in therapeutic drug
development. It is unknown whether an upregulation or
downregulation by receptor ligands, adenoviral approaches, or

TABLE 9 | Diseases suggested to involve A2A-adenosine receptors (review:
Burnstock, 2017).

Disease Therapy References

M. Alzheimer Agonist Cunha (2016)
M. Parkinson Antagonist Jenner (2014)
Amyotrophic lateral sclerosis Antagonist Volonté et al. (2016)
Brain injury Agonist Dai and Zhou (2011)
Schizoprenia Agonist Matos et al. (2015)
Depression Antagonist Yamada et al. (2014)
Addiction (e.g. cocain) Antagonist Pintsuk et al. (2016)
Cardiac ischemia/reperfusion
injury

Agonist Ke et al. (2015)

Atrial fibrillation Antagonist Molina et al. (2016)
Atherosclerosis Agonist Reiss and Cronstein (2012)
Coronary would healing Agonist Du et al. (2015)
Thrombosis Agonist Hofer et al. (2013)
Asthma Agonist Wang et al. (2018)
COPD Agonist Basu et al. (2017)
Acute lung injury Agonist Friebe et al. (2014)
Cystic fibrosis Agonist Esther et al. (2013)
Lung cancer Antagonist Mediavilla-Varela et al. (2013)
Pleural inflammation Agonist da Rocha Lapa et al. (2012)
Rhinosinusitis Agonist Hua et al. (2013)
Diabetes Antagonist Ibrahim et al. (2011)
Obesity Antagonist De Oliveira Moreira, et al. (2017)
Acute renal injury Agonist Vincent and Okusa (2015)
Diabetic nephropathy Agonist Persson et al. (2015)
Liver fibrosis Antagonist Ahsan and Mehal (2014)
Liver cirrhosis Agonist Choukèr et al. (2008)
Psoriasis Agonist Merighi et al. (2017)
Scleroderma Antagonist Chan and Cronstein (2010)
Skin wound healing Agonist Shaikh and Cronstein (2016)
Myasthenia gravis Agonist Oliveira et al. (2015)
Osteoarthritis Agonist Corciulo et al. (2017)
Rheumatoid arthritis Agonist Mazzon et al. (2011)
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antisense RNA approaches would be clinically useful. Many of
these questions will be answered in the near future and this
progress will be observed with great interest. It is hoped that
developments will be used to benefit patients.

SUMMARY

Over the years a consent has emerged that A2A-AR are present
and functional in the mammalian heart, more importantly in the
human heart. Evidence has accumulated that

The A2A-AR is important for coronary flow, which is relevant
under clinical conditions and used in to assess e.g. the coronary
reserve in patients with coronary heart disease. A2A-AR might be

relevant for force generation in the human heart and for the
genesis of arrhythmias. Hence, A2A-AR agonist and antagonists
are clinically used. A2A-AR agonist mainly for diagnostic
purposes (assessment of coronary reserve) and might be used
in the future as positive inotropic agents. A2A-AR antagonist
might become useful as novel options in some subtypes of heart
failure.
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(2013). A(2A) adenosine receptor (A(2A)AR) as a therapeutic target in diabetic
retinopathy. Physiol. Res. 62 (3), 305–311. doi:10.33549/physiolres.932489

Hove-Madsen, L., Prat-Vidal, C., Llach, A., Ciruela, F., Casadó, V., Lluis, C., et al.
(2006). Adenosine A2A receptors are expressed in human atrial myocytes and
modulate spontaneous sarcoplasmic reticulum calcium release. Cardiovasc. Res.
72 (2), 292–302. doi:10.1016/j.cardiores.2006.07.020

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 62783814

Boknik et al. Cardiac A2A Receptors

https://doi.org/10.1016/j.str.2011.06.014
https://doi.org/10.1016/j.str.2011.06.014
https://doi.org/10.1113/jphysiol.1929.sp002608
https://doi.org/10.1177/1535370215584939
https://doi.org/10.1177/1535370215584939
https://doi.org/10.1016/j.cell.2017.12.004
https://doi.org/10.1016/j.cell.2017.12.004
https://doi.org/10.1021/ml200189u.eCollection2011
https://doi.org/10.1084/jem.20050177
https://doi.org/10.1084/jem.20050177
https://doi.org/10.1152/ajpcell.00290.2008
https://doi.org/10.1152/ajpcell.00290.2008
https://doi.org/10.1152/ajplung.00344.2012
https://doi.org/10.1152/ajplung.00344.2012
https://doi.org/10.1002/jcp.21149
https://doi.org/10.1124/pr.113.008052
https://doi.org/10.1007/s00109-013-1101-6
https://doi.org/10.1007/s002100000313
https://doi.org/10.1007/s002100000313
https://doi.org/10.1016/j.pneurobio.2007.07.005
https://doi.org/10.1124/pr.110.003285
https://doi.org/10.1007/BF00171056
https://doi.org/10.1007/BF00171056
https://doi.org/10.1371/journal.pone.0095382
https://doi.org/10.1007/s00210-013-0931-7
https://doi.org/10.1080/09537104.2017.1306043
https://doi.org/10.1161/01.cir.95.6.1363
https://doi.org/10.3389/fphar.2017.00947
https://doi.org/10.3389/fphar.2017.00947
https://doi.org/10.1007/s00210-017-1403-2
https://doi.org/10.1016/j.yjmcc.2005.06.001
https://doi.org/10.1016/j.yjmcc.2005.06.001
https://doi.org/10.1161/hc3601.093983
https://doi.org/10.1016/s0014-2999(00)00682-8
https://doi.org/10.1016/s0014-2999(00)00682-8
https://doi.org/10.1152/ajpheart.00688.2009
https://doi.org/10.1371/journal.pone.0039919
https://doi.org/10.1371/journal.pone.0039919
https://doi.org/10.4049/jimmunol.178.9.5921
https://doi.org/10.4049/jimmunol.178.9.5921
https://doi.org/10.1189/jlb.0607359
https://doi.org/10.1189/jlb.0607359
https://doi.org/10.1161/ATVBAHA.111.22685
https://doi.org/10.1161/ATVBAHA.111.22685
https://doi.org/10.1097/01.CCM.0000206467.19509.C6
https://doi.org/10.1097/01.CCM.0000206467.19509.C6
https://doi.org/10.1016/j.pharmthera.2013.06.002
https://doi.org/10.1007/978-3-540-89615-9_7
https://doi.org/10.1007/978-3-540-89615-9_7
https://doi.org/10.1097/SHK.0b013e31823f16bc
https://doi.org/10.1097/SHK.0b013e31823f16bc
https://doi.org/10.1042/bj3160081
https://doi.org/10.33549/physiolres.932489
https://doi.org/10.1016/j.cardiores.2006.07.020
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Hua, X., Naselsky, W. C., Bennett, W. D., Ledent, C., Senior, B. A., and Tilley, S. L.
(2013). Adenosine increases nasal mucociliary clearance rate in mice through
A2A and A2B adenosine receptors. Laryngoscope. 123 (2), 306–310. doi:10.
1002/lary.23586

Ibrahim, A. S., El-Shishtawy, M. M., Zhang, W., Caldwell, R. B., and Liou, G. I.
(2011). A(2A) adenosine receptor (A(₂A)AR) as a therapeutic target in diabetic
retinopathy. Am. J. Pathol. 178 (5), 2136–2145. doi:10.1016/j.ajpath.2011.
01.018

Isa-Param, R., Pérez-Castellano, N., Villacastín, J., Moreno, J., Salinas, J., Alonso,
R., et al. (2006). Inducibility of atrial arrhythmias after adenosine and
isoproterenol infusion in patients referred for atrial fibrillation ablation. Rev.
Esp. Cardiol. 59 (6), 559–566. doi:10.1016/S1885-5857(07)60007-3

Jaakola, V. P., Griffith, M. T., Hanson, M. A., Cherezov, V., Chien, E. Y., Lane, J. R.,
et al. (2008). An overview of adenosine A2A receptor antagonists in Parkinson’s
disease. Science. 322 (5905), 1211–1217. doi:10.1126/science.1164772

Jacobson, K. A., and Müller, C. E. (2016). Medicinal chemistry of adenosine, P2Y
and P2X receptors. Neuropharmacology. 104, 31–49. doi:10.1016/j.
neuropharm.2015.12.001

Jacobson, K. A., Tosh, D. K., Jain, S., and Gao, Z. G. (2019). Historical and current
adenosine receptor agonists in preclinical and clinical development. Front. Cell.
Neurosci. 13, 124. doi:10.3389/fncel.2019.00124

Jenner, P. (2014). An overview of adenosine A2A receptor antagonists in
Parkinson’s disease. Int. Rev. Neurobiol. 119, 71–86. doi:10.1016/B978-0-12-
801022-8.00003-9

Jiang, M., Zhang, C., Wang, J., Chen, J., Xia, C., Du, D., et al. (2011). Adenosine
A(2A)R modulates cardiovascular function by activating ERK1/2 signal in the
rostral ventrolateral medulla of acute myocardial ischemic rats. Life Sci. 89 (5-
6), 182–187. doi:10.1016/j.lfs.2011.06.003

Jordan, J. E., Zhao, Z. Q., Sato, H., Taft, S., and Vinten-Johansen, J. (1997).
Adenosine A2 receptor activation attenuates reperfusion injury by inhibiting
neutrophil accumulation, superoxide generation and coronary endothelial
adherence. J. Pharmacol. Exp. Therapeut. 280 (1), 301–309.

Kamata, K., Manno, S., Ozaki, M., and Takakuwa, Y. (2008). Functional evidence
for presence of lipid rafts in erythrocyte membranes: gsalpha in rafts is essential
for signal transduction. Am. J. Hematol. 83 (5), 371–375. doi:10.1002/ajh.21126

Ke, J., Yao, B., Li, T., Cui, S., and Ding, H. (2015). A2 Adenosine receptor-mediated
cardioprotection against reperfusion injury in rat hearts Is associated with
autophagy downregulation. J. Cardiovasc. Pharmacol. 66 (1), 25–34. doi:10.
1097/FJC.0000000000000239

Khoa, N. D., Postow, M., Danielsson, J., and Cronstein, B. N. (2006). Tumor
necrosis factor-alpha prevents desensitization of Galphas-coupled receptors by
regulating GRK2 association with the plasma membrane. Mol. Pharmacol. 69
(4), 1311–1319. doi:10.1124/mol.105.016857

Kilpatrick, E. L., Narayan, P., Mentzer, R. M., Jr., and Lasley, R. D. (2002). Cardiac
myocyte adenosine A2a receptor activation fails to alter cAMP or contractility:
role of receptor localization. Am. J. Physiol. Heart Circ. Physiol. 282 (3),
H1035–H1040. doi:10.1152/ajpheart.00808.2001

Kis, A., Baxter, G. F., and Yellon, D. M. (2003). Limitation of myocardial
reperfusion injury by AMP579, an adenosine A1/A2A receptor agonist: role
of A2A receptor and Erk1/2. Cardiovasc. Drugs Ther. 17 (5-6), 415–425. doi:10.
1023/b:card.0000015856.02691.fa

Klaasse, E. C., Ijzerman, A. P., de Grip, W. J., and Beukers, M. W. (2008).
Internalization and desensitization of adenosine receptors. Purinergic Signal.
4 (1), 21–37. doi:10.1007/s11302-007-9086-7

Koshiba, M., Rosin, D. L., Hayashi, N., Linden, J., and Sitkovsky, M. V. (1999). Patterns of
A2A extracellular adenosine receptor expression in different functional subsets of
human peripheral T cells. Flow cytometry studies with anti-A2A receptor monoclonal
antibodies. Mol. Pharmacol. 55 (3), 614–624.

Kull, B., Svenningsson, P., and Fredholm, B. B. (2000). Adenosine A(2A) receptors
are colocalized with and activate g(olf) in rat striatum. Mol. Pharmacol. 58 (4),
771–777. doi:10.1124/mol.58.4.771

Kuno, A., Solenkova, N. V., Solodushko, V., Dost, T., Liu, Y., Yang, X. M., et al. (2008).
Infarct limitation by a protein kinase G activator at reperfusion in rabbit hearts is
dependent on sensitizing the heart to A2b agonists by protein kinase C. Am. J. Physiol.
Heart Circ. Physiol. 295 (3), H1288–H1295. doi:10.1152/ajpheart.00209.2008

Lasley, R. D. (2018). Adenosine receptor-mediated cardioprotection-current
limitations and future directions. Front. Pharmacol. 9, 310. doi:10.3389/
fphar.2018.00310

Lasley, R. D., Kristo, G., Keith, B. J., and Mentzer, R. M., Jr. (2007). The A2a/A2b
receptor antagonist ZM-241385 blocks the cardioprotective effect of adenosine
agonist pretreatment in in vivo rat myocardium. Am. J. Physiol. Heart Circ.
Physiol. 292 (1), H426–H431. doi:10.1152/ajpheart.00675.2006

Lasley, R. D., and Mentzer, R. M., Jr (1992). Adenosine improves recovery of
postischemic myocardial function via an adenosine A1 receptor mechanism.
Am. J. Physiol. 263 (5 Pt 2), H1460–H1465. doi:10.1152/ajpheart.1992.263.5.
H1460

Lebon, G., Edwards, P. C., Leslie, A. G., and Tate, C. G. (2015). Molecular
determinants of CGS21680 binding to the human adenosine A2A receptor.
Mol. Pharmacol. 87 (6), 907–915. doi:10.1124/mol.114.097360

Lebon, G., Warne, T., and Tate, C. G. (2012). Agonist-bound structures of G
protein-coupled receptors. Curr. Opin. Struct. Biol. 22 (4), 482–490. doi:10.
1016/j.sbi.2012.03.007

Ledent, C., Vaugeois, J. M., Schiffmann, S. N., Pedrazzini, T., El Yacoubi, M.,
Vanderhaeghen, J. J., et al. (1997). Aggressiveness, hypoalgesia and high blood
pressure in mice lacking the adenosine A2a receptor. Nature. 388 (6643),
674–678. doi:10.1038/41771

Libert, F., Parmentier, M., Lefort, A., Dinsart, C., Van Sande, J., Maenhaut, C., et al.
(1989). Selective amplification and cloning of four new members of the G
protein-coupled receptor family. Science. 244 (4904), 569–572. doi:10.1126/
science.2541503

Llach, A., Molina, C. E., Prat-Vidal, C., Fernandes, J., Casadó, V., Ciruela, F., et al.
(2011). Abnormal calcium handling in atrial fibrillation is linked to up-
regulation of adenosine A2A receptors. Eur. Heart J. 32 (6), 721–729.
doi:10.1093/eurheartj/ehq464

Löffler, M., Morote-Garcia, J. C., Eltzschig, S. A., Coe, I. R., and Eltzschig, H.
K. (2007). Physiological roles of vascular nucleoside transporters.
Arterioscler. Thromb. Vasc. Biol. 27 (5), 1004–1013. doi:10.1161/
ATVBAHA.106.126714

Lozza, G., Conti, A., Ongini, E., and Monopoli, A. (1997). Cardioprotective effects
of adenosine A1 and A2A receptor agonists in the isolated rat heart. Pharmacol.
Res. 35 (1), 57–64. doi:10.1006/phrs.1996.0120

MacCollin, M., Peterfreund, R., MacDonald, M., Fink, J. S., and Gusella, J. (1994).
Mapping of a human A2a adenosine receptor (ADORA2) to chromosome 22.
Genomics. 20 (2), 332–333. doi:10.1006/geno.1994.1181

Marala, R. B., and Mustafa, S. J. (1998). Immunological characterization of
adenosine A2A receptors in human and porcine cardiovascular tissues.
J. Pharmacol. Exp. Therapeut. 286 (2), 1051–1057.

Marquardt, D. L., Walker, L. L., and Heinemann, S. (1994). Cloning of two
adenosine receptor subtypes from mouse bone marrow-derived mast cells.
J. Immunol. 152 (9), 4508–4515.

Massink, A., Gutiérrez-de-Terán, H., Lenselink, E. B., Ortiz Zacarías, N. V., Xia, L.,
Heitman, L. H., et al. (2015). Sodium ion binding pocket mutations and
adenosine A2A receptor function. Mol. Pharmacol. 87 (2), 305–313. doi:10.
1124/mol.114.095737

Matos, M., Shen, H. Y., Augusto, E., Wang, Y., Wei, C. J., Wang, Y. T., et al. (2015).
Deletion of adenosine A2A receptors from astrocytes disrupts glutamate
homeostasis leading to psychomotor and cognitive impairment: relevance to
schizophrenia. Biol. Psychiatr. 78 (11), 763–774. doi:10.1016/j.biopsych.2015.02.026

Mazzon, E., Esposito, E., Impellizzeri, D., DI Paola, R., Melani, A., Bramanti, P.,
et al. (2011). CGS 21680, an agonist of the adenosine (A2A) receptor, reduces
progression of murine type II collagen-induced arthritis. J. Rheumatol. 38 (10),
2119–2129. doi:10.3899/jrheum.110111

McIntosh, V. J., and Lasley, R. D. (2012). Adenosine receptor-mediated
cardioprotection: are all 4 subtypes required or redundant?. J. Cardiovasc.
Pharmacol. Therapeut. 17 (1), 21–33. doi:10.1177/1074248410396877

Mediavilla-Varela, M., Luddy, K., Noyes, D., Khalil, F. K., Neuger, A. M., Soliman,
H., et al. (2013). Antagonism of adenosine A2A receptor expressed by lung
adenocarcinoma tumor cells and cancer associated fibroblasts inhibits their
growth. Canc. Biol. Ther. 14 (9), 860–868. doi:10.4161/cbt.25643

Melani, A., Corti, F., Cellai, L., Vannucchi, M. G., and Pedata, F. (2014). Low doses
of the selective adenosine A2A receptor agonist CGS21680 are protective in a
rat model of transient cerebral ischemia. Brain Res. 1551, 59–72. doi:10.1016/j.
brainres.2014.01.014

Merighi, S., Borea, P. A., Varani, K., and Gessi, S. (2017). Deregulation of adenosine
receptors in psoriatic epidermis: an option for therapeutic treatment. J. Invest.
Dermatol. 137 (1), 11–13. doi:10.1016/j.jid.2016.08.001

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 62783815

Boknik et al. Cardiac A2A Receptors

https://doi.org/10.1002/lary.23586
https://doi.org/10.1002/lary.23586
https://doi.org/10.1016/j.ajpath.2011.01.018
https://doi.org/10.1016/j.ajpath.2011.01.018
https://doi.org/10.1016/S1885-5857(07)60007-3
https://doi.org/10.1126/science.1164772
https://doi.org/10.1016/j.neuropharm.2015.12.001
https://doi.org/10.1016/j.neuropharm.2015.12.001
https://doi.org/10.3389/fncel.2019.00124
https://doi.org/10.1016/B978-0-12-801022-8.00003-9
https://doi.org/10.1016/B978-0-12-801022-8.00003-9
https://doi.org/10.1016/j.lfs.2011.06.003
https://doi.org/10.1002/ajh.21126
https://doi.org/10.1097/FJC.0000000000000239
https://doi.org/10.1097/FJC.0000000000000239
https://doi.org/10.1124/mol.105.016857
https://doi.org/10.1152/ajpheart.00808.2001
https://doi.org/10.1023/b:card.0000015856.02691.fa
https://doi.org/10.1023/b:card.0000015856.02691.fa
https://doi.org/10.1007/s11302-007-9086-7
https://doi.org/10.1124/mol.58.4.771
https://doi.org/10.1152/ajpheart.00209.2008
https://doi.org/10.3389/fphar.2018.00310
https://doi.org/10.3389/fphar.2018.00310
https://doi.org/10.1152/ajpheart.00675.2006
https://doi.org/10.1152/ajpheart.1992.263.5.H1460
https://doi.org/10.1152/ajpheart.1992.263.5.H1460
https://doi.org/10.1124/mol.114.097360
https://doi.org/10.1016/j.sbi.2012.03.007
https://doi.org/10.1016/j.sbi.2012.03.007
https://doi.org/10.1038/41771
https://doi.org/10.1126/science.2541503
https://doi.org/10.1126/science.2541503
https://doi.org/10.1093/eurheartj/ehq464
https://doi.org/10.1161/ATVBAHA.106.126714
https://doi.org/10.1161/ATVBAHA.106.126714
https://doi.org/10.1006/phrs.1996.0120
https://doi.org/10.1006/geno.1994.1181
https://doi.org/10.1124/mol.114.095737
https://doi.org/10.1124/mol.114.095737
https://doi.org/10.1016/j.biopsych.2015.02.026
https://doi.org/10.3899/jrheum.110111
https://doi.org/10.1177/1074248410396877
https://doi.org/10.4161/cbt.25643
https://doi.org/10.1016/j.brainres.2014.01.014
https://doi.org/10.1016/j.brainres.2014.01.014
https://doi.org/10.1016/j.jid.2016.08.001
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Methner, C., Schmidt, K., Cohen, M. V., Downey, J. M., and Krieg, T. (2010). Both
A2a and A2b adenosine receptors at reperfusion are necessary to reduce infarct
size in mouse hearts. Am. J. Physiol. Heart Circ. Physiol. 299 (4), H1262–H1264.
doi:10.1152/ajpheart.00181.2010

Molina, C. E., Llach, A., Herraiz-Martínez, A., Tarifa, C., Barriga, M., Wiegerinck,
R. F., et al. (2016). Prevention of adenosine A2A receptor activation diminishes
beat-to-beat alternation in human atrial myocytes. Basic Res. Cardiol. 111 (1), 5.
doi:10.1007/s00395-015-0525-2

Monahan, T. S., Sawmiller, D. R., Fenton, R. A., and Dobson, J. G., Jr. (2000).
Adenosine A(2a)-receptor activation increases contractility in isolated perfused
hearts. Am. J. Physiol. Heart Circ. Physiol. 279 (4), H1472–H1481. doi:10.1152/
ajpheart.2000.279.4.H1472

Morello, S., Ito, K., Yamamura, S., Lee, K. Y., Jazrawi, E., Desouza, P., et al. (2006).
IL-1 beta and TNF-alpha regulation of the adenosine receptor (A2A)
expression: differential requirement for NF-kappa B binding to the proximal
promoter. J. Immunol. 177 (10), 7173–7183. doi:10.4049/jimmunol.177.10.7173

Moriyama, K., and Sitkovsky, M. V. (2010). Adenosine A2A receptor is involved in
cell surface expression of A2B receptor. J. Biol. Chem. 285 (50), 39271–39288.
doi:10.1074/jbc.M109.098293

Morote-Garcia, J. C., Rosenberger, P., Nivillac, N. M., Coe, I. R., and Eltzschig, H.
K. (2009). Hypoxia-inducible factor-dependent repression of equilibrative
nucleoside transporter 2 attenuates mucosal inflammation during intestinal
hypoxia. Gastroenterology. 136 (2), 607–618. doi:10.1053/j.gastro.2008.10.037

Morrison, R. R., Talukder, M. A., Ledent, C., and Mustafa, S. J. (2002). Cardiac
effects of adenosine in A(2A) receptor knockout hearts: uncovering A(2B)
receptors. Am. J. Physiol. Heart Circ. Physiol. 282 (2), H437–H444. doi:10.1152/
ajpheart.00723.2001

Morrison, R. R., Tan, X. L., Ledent, C., Mustafa, S. J., and Hofmann, P. A. (2007).
Targeted deletion of A2A adenosine receptors attenuates the protective effects
of myocardial postconditioning. Am. J. Physiol. Heart Circ. Physiol. 293 (4),
H2523–H2529. doi:10.1152/ajpheart.00612.2007

Morrison, R. R., Teng, B., Oldenburg, P. J., Katwa, L. C., Schnermann, J. B., andMustafa,
S. J. (2006). Effects of targeted deletion of A1 adenosine receptors on postischemic
cardiac function and expression of adenosine receptor subtypes. Am. J. Physiol.
Heart Circ. Physiol. 291 (4), H1875–H1882. doi:10.1152/ajpheart.00158.2005

Murphree, L. J., Sullivan, G. W., Marshall, M. A., and Linden, J. (2005).
Lipopolysaccharide rapidly modifies adenosine receptor transcripts in
murine and human macrophages: role of NF-kappaB in A(2A) adenosine
receptor induction. Biochem. J. 391 (Pt 3), 575–580. doi:10.1042/BJ20050888

Nardin, M., Verdoia, M., Pergolini, P., Rolla, R., Barbieri, L., Marino, P., et al.
(2018). Impact of adenosine A2a receptor polymorphism rs5751876 on platelet
reactivity in ticagrelor treated patients. Pharmacol. Res. 129, 27–33. doi:10.
1016/j.phrs.2017.12.035

Navarro, G., Aymerich, M. S., Marcellino, D., Cortés, A., Casadó, V., Mallol, J., et al.
(2009). Interactions between calmodulin, adenosine A2A, and dopamine D2
receptors. J. Biol. Chem. 284 (41), 28058–28068. doi:10.1074/jbc.M109.034231

Navarro, G., Borroto-Escuela, D. O., Fuxe, K., and Franco, R. (2016). Purinergic
signaling in Parkinson’s disease. Relevance for treatment. Neuropharmacology.
104, 161–168. doi:10.1016/j.neuropharm.2015.07.024

Navarro, G., Carriba, P., Gandía, J., Ciruela, F., Casadó, V., Cortés, A., et al. (2008).
Detection of heteromers formed by cannabinoid CB1, dopamine D2, and
adenosine A2A G-protein-coupled receptors by combining bimolecular
fluorescence complementation and bioluminescence energy transfer.
ScientificWorldJournal. 8, 1088–1097. doi:10.1100/tsw.2008.136

Németh, Z. H., Leibovich, S. J., Deitch, E. A., Sperlágh, B., Virág, L., Vizi, E. S., et al.
(2003). Adenosine stimulates CREB activation in macrophages via a
p38 MAPK-mediated mechanism. Biochem. Biophys. Res. Commun. 312 (4),
883–888. doi:10.1016/j.bbrc.2003.11.006

Norton, G. R., Woodiwiss, A. J., McGinn, R. J., Lorbar, M., Chung, E. S.,
Honeyman, T. W., et al. (1999). Adenosine A1 receptor-mediated
antiadrenergic effects are modulated by A2a receptor activation in rat heart.
Am. J. Physiol. 276 (2), H341–H349. doi:10.1152/ajpheart.1999.276.2.H341

Ohta, Y., King, K., Lai, H. L., and Lai, H. T. (1992). Molecular cloning of a novel
adenosine receptor gene from rat brain. Biochem. Biophys. Res. Commun. 185
(1), 304–309. doi:10.1016/s0006-291x(05)90000-4

Olanrewaju, H. A., andMustafa, S. J. (2000). Adenosine A(2A) and A(2B) receptors
mediated nitric oxide production in coronary artery endothelial cells. Gen.
Pharmacol. 35 (3), 171–177. doi:10.1016/s0306-3623(01)00107-0

Oliveira, L., Correia, A., Cristina Costa, A., Guerra-Gomes, S., Ferreirinha, F.,
Magalhães-Cardoso, M. T., et al. (2015). Deficits in endogenous adenosine
formation by ecto-5’-nucleotidase/CD73 impair neuromuscular transmission
and immune competence in experimental autoimmune myasthenia gravis.
Mediat. Inflamm. 2015, 460610. doi:10.1155/2015/460610

Olsson, R. A., and Pearson, J. D. (1990). Cardiovascular purinoceptors. Physiol.
Rev. 70 (3), 761–845. doi:10.1152/physrev.1990.70.3.761

Palani, G., Husain, Z., Salinas, R. C., Karthikeyan, V., Karthikeyan, A. S., and
Ananthasubramaniam, K. (2011). Safety of regadenoson as a pharmacologic stress
agent for myocardial perfusion imaging in chronic kidney disease patients not on
hemodialysis. J. Nucl. Cardiol. 18 (4), 605–611. doi:10.1007/s12350-011-9378-8

Palmer, T. M., and Stiles, G. L. (1997). Identification of an A2a adenosine receptor
domain specifically responsible for mediating short-term desensitization.
Biochemistry. 36 (4), 832–838. doi:10.1021/bi962290v

Paterniti, I., Melani, A., Cipriani, S., Corti, F., Mello, T., Mazzon, E., et al. (2011).
Selective adenosine A2A receptor agonists and antagonists protect against
spinal cord injury through peripheral and central effects. Acta Physiol. 8, 31.
doi:10.1186/1742-2094-8-31

Perez-Aso, M., Fernandez, P., Mediero, A., Chan, E. S., and Cronstein, B. N. (2014).
Adenosine 2A receptor promotes collagen production by human fibroblasts via
pathways involving cyclic AMP and AKT but independent of Smad2/3. FASEB
J. 28 (2), 802–812. doi:10.1096/fj.13-241646

Perez-Aso, M., Mediero, A., and Cronstein, B. N. (2013). Adenosine A2A receptor
(A2AR) is a fine-tune regulator of the collagen1:collagen3 balance. Purinergic
Signal. 9 (4), 573–583. doi:10.1007/s11302-013-9368-1

Persson, P., Friederich-Persson,M., Fasching, A., Hansell, P., Inagi, R., and Palm, F.
(2015). Adenosine A2 a receptor stimulation prevents proteinuria in diabetic
rats by promoting an anti-inflammatory phenotype without affecting oxidative
stress. Acta Physiol. 214 (3), 311–318. doi:10.1111/apha.12511

Phillis, J. W. (1995). The effects of selective A1 and A2a adenosine receptor
antagonists on cerebral ischemic injury in the gerbil. Acta Physiol. 705 (1-2),
79–84. doi:10.1016/0006-8993(95)01153-6

Pintsuk, J., Borroto-Escuela, D. O., Pomierny, B., Wydra, K., Zaniewska, M., Filip, M.,
et al. (2016). Cocaine self-administration differentially affects allosteric A2A-D2
receptor-receptor interactions in the striatum. Relevance for cocaine use disorder.
Pharmacol. Biochem. Behav. 144, 85–91. doi:10.1016/j.pbb.2016.03.004

Podgorska, M., Kocbuch, K., and Pawelczyk, T. (2005). The adenosine A₂A
receptor - myocardial protectant and coronary target in endotoxemia. Acta
Biochim. Pol. 52 (4), 749–758. doi:10.1016/j.ijcard.2011.11.075

Rabadi, M. M., and Lee, H. T. (2015). Adenosine receptors and renal
ischaemia reperfusion injury. Acta Physiol. 213 (1), 222–231. doi:10.
1111/apha.12402

Ramkumar, V., Olah, M. E., Jacobson, K. A., and Stiles, G. L. (1991). Distinct
pathways of desensitization of A1- and A2-adenosine receptors in DDT1 MF-2
cells. Mol. Pharmacol. 40 (5), 639–647.

Reichelt, M. E., Ashton, K. J., Tan, X. L., Mustafa, S. J., Ledent, C., Delbridge, L. M., et al.
(2013). The adenosine A₂A receptor—myocardial protectant and coronary target in
endotoxemia. Int. J. Cardiol. 166 (3), 672–680. doi:10.1016/j.ijcard.2011.11.075

Reiss, A. B., and Cronstein, B. N. (2012). Regulation of foam cells by adenosine.
Arterioscler. Thromb. Vasc. Biol. 32 (4), 879–886. doi:10.1161/ATVBAHA.111.
226878

Reutershan, J., Cagnina, R. E., Chang, D., Linden, J., and Ley, K. (2007).
Therapeutic anti-inflammatory effects of myeloid cell adenosine receptor
A2a stimulation in lipopolysaccharide-induced lung injury. J. Immunol. 179
(2), 1254–1263. doi:10.4049/jimmunol.179.2.1254

Revan, S., Montesinos, M. C., Naime, D., Landau, S., and Cronstein, B. N. (1996).
Adenosine A2 receptor occupancy regulates stimulated neutrophil function via
activation of a serine/threonine protein phosphatase. J. Biol. Chem. 271 (29),
17114–17118. doi:10.1074/jbc.271.29.17114

Ribé, D., Sawbridge, D., Thakur, S., Hussey, M., Ledent, C., Kitchen, I., et al. (2008).
Adenosine A2A receptor signaling regulation of cardiac NADPH oxidase
activity. Free Radic. Biol. Med. 44 (7), 1433–1442. doi:10.1016/j.
freeradbiomed.2007.12.035

Rork, T. H., Wallace, K. L., Kennedy, D. P., Marshall, M. A., Lankford, A. R.,
Linden, J., et al. (2008). Safety, tolerability, and pharmacology of AB928, a novel
dual adenosine receptor antagonist, in a randomized, phase 1 study in healthy
volunteers. Am. J. Physiol. Heart Circ. Physiol. 295 (5), H1825–H1833. doi:10.
1152/ajpheart.495.2008

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 62783816

Boknik et al. Cardiac A2A Receptors

https://doi.org/10.1152/ajpheart.00181.2010
https://doi.org/10.1007/s00395-015-0525-2
https://doi.org/10.1152/ajpheart.2000.279.4.H1472
https://doi.org/10.1152/ajpheart.2000.279.4.H1472
https://doi.org/10.4049/jimmunol.177.10.7173
https://doi.org/10.1074/jbc.M109.098293
https://doi.org/10.1053/j.gastro.2008.10.037
https://doi.org/10.1152/ajpheart.00723.2001
https://doi.org/10.1152/ajpheart.00723.2001
https://doi.org/10.1152/ajpheart.00612.2007
https://doi.org/10.1152/ajpheart.00158.2005
https://doi.org/10.1042/BJ20050888
https://doi.org/10.1016/j.phrs.2017.12.035
https://doi.org/10.1016/j.phrs.2017.12.035
https://doi.org/10.1074/jbc.M109.034231
https://doi.org/10.1016/j.neuropharm.2015.07.024
https://doi.org/10.1100/tsw.2008.136
https://doi.org/10.1016/j.bbrc.2003.11.006
https://doi.org/10.1152/ajpheart.1999.276.2.H341
https://doi.org/10.1016/s0006-291x(05)90000-4
https://doi.org/10.1016/s0306-3623(01)00107-0
https://doi.org/10.1155/2015/460610
https://doi.org/10.1152/physrev.1990.70.3.761
https://doi.org/10.1007/s12350-011-9378-8
https://doi.org/10.1021/bi962290v
https://doi.org/10.1186/1742-2094-8-31
https://doi.org/10.1096/fj.13-241646
https://doi.org/10.1007/s11302-013-9368-1
https://doi.org/10.1111/apha.12511
https://doi.org/10.1016/0006-8993(95)01153-6
https://doi.org/10.1016/j.pbb.2016.03.004
https://doi.org/10.1016/j.ijcard.2011.11.075
https://doi.org/10.1111/apha.12402
https://doi.org/10.1111/apha.12402
https://doi.org/10.1016/j.ijcard.2011.11.075
https://doi.org/10.1161/ATVBAHA.111.226878
https://doi.org/10.1161/ATVBAHA.111.226878
https://doi.org/10.4049/jimmunol.179.2.1254
https://doi.org/10.1074/jbc.271.29.17114
https://doi.org/10.1016/j.freeradbiomed.2007.12.035
https://doi.org/10.1016/j.freeradbiomed.2007.12.035
https://doi.org/10.1152/ajpheart.495.2008
https://doi.org/10.1152/ajpheart.495.2008
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Schreieck, J., and Richardt, G. (1999). Endogenous adenosine reduces the
occurrence of ischemia-induced ventricular fibrillation in rat heart. J. Mol.
Cell. Cardiol. 31 (1), 123–134.

Schulte, G., and Fredholm, B. B. (2000). Human adenosine A(1), A(2A), A(2B),
and A(3) receptors expressed in Chinese hamster ovary cells all mediate the
phosphorylation of extracellular-regulated kinase 1/2. Mol. Pharmacol. 58 (3),
477–482.

Seitz, L., Jin, L., Leleti, M., Ashok, D., Jeffrey, J., Rieger, A., et al. (2019). Karakunnel
J Safety, tolerability, and pharmacology of AB928, a novel dual adenosine
receptor antagonist, in a randomized, phase 1 study in healthy volunteers.
Invest. N. Drugs. 37 (4), 711–721. doi:10.1007/s10637-018-0706-6

Shaikh, G., and Cronstein, B. (2016). Signaling pathways involving adenosine A2A
and A2B receptors in wound healing and fibrosis. Purinergic Signal. 12 (2),
191–197. doi:10.1007/s11302-016-9498-3

Shen, H. Y., Coelho, J. E., Ohtsuka, N., Canas, P. M., Day, Y. J., Huang, Q. Y., et al.
(2008). A critical role of the adenosine A2A receptor in extrastriatal neurons in
modulating psychomotor activity as revealed by opposite phenotypes of
striatum and forebrain A2A receptor knock-outs. J. Neurosci. 28 (12),
2970–2975. doi:10.1523/JNEUROSCI.5255-07.2008

Shryock, J., Song, Y., Wang, D., Baker, S. P., Olsson, R. A., and Belardinelli, L.
(1993). Selective A2-adenosine receptor agonists do not alter action potential
duration, twitch shortening, or cAMP accumulation in Guinea pig, rat, or rabbit
isolated ventricular myocytes. Circ. Res. 72 (1), 194–205. doi:10.1161/01.res.72.
1.194

Shryock, J. C., and Belardinelli, L., (1997). Adenosine and adenosine receptors in
the cardiovascular system: biochemistry, physiology, and pharmacology. Am.
J. Cardiol. 79 (12A), 2–10. doi:10.1016/s0002-9149(97)00256-7

Soma, M., Nakayama, T., Satoh, M., Uwabo, J., Rahmutula, D., Takahashi, Y., et al.
(1998). T1083C polymorphism in the human adenosine A2a receptor gene is
not associated with essential hypertension. Am. J. Hypertens. 11 (12),
1492–1494. doi:10.1016/s0895-7061(98)00166-6

St Hilaire, C., Carroll, S. H., Chen, H., and Ravid, K. (2009). Mechanisms of
induction of adenosine receptor genes and its functional significance. J. Cell.
Physiol. 218 (1), 35–44. doi:10.1002/jcp.21579

Stein, B., Kiehn, J., and Neumann, J. (1998). “Regulation of adenosine receptor
subtypes and dysfunction in human heart failure,” in Cardiovascular biology of
purines 1998. Editors J. G. Burnstock, G. Dobsonjr, B. T. Liang, and J. Linden
(Dordrecht, Netherlands: Kluwer Academic Publishers), 108–125.

Svenningsson, P., Fourreau, L., Bloch, B., Fredholm, B. B., Gonon, F., and Le
Moine, C. (1999). Up-regulation of A 2B adenosine receptor in A 2A adenosine
receptor knockout mouse coronary artery. Neuroscience. 89 (3), 827–837.
doi:10.1016/j.yjmcc.2008.03.003

Svenningsson, P., Nomikos, G. G., and Fredholm, B. B. (1995). Biphasic changes in
locomotor behavior and in expression of mRNA for NGFI-A and NGFI-B in rat
striatum following acute caffeine administration. J. Neurosci. 15 (11),
7612–7624. doi:10.1523/JNEUROSCI.15-11-07612.1995

Talukder, M. A., Morrison, R. R., Jacobson, M. A., Jacobson, K. A., Ledent, C., and
Mustafa, S. J. (2002). Targeted deletion of adenosine A(3) receptors augments
adenosine-induced coronary flow in isolated mouse heart. Am. J. Physiol. Heart
Circ. Physiol. 282 (6), H2183–H2189. doi:10.1152/ajpheart.00964.2001

Tawfik, H. E., Schnermann, J., Oldenburg, P. J., andMustafa, S. J. (2005). Role of A1
adenosine receptors in regulation of vascular tone. Am. J. Physiol. Heart Circ.
Physiol. 288 (3), H1411–H1416. doi:10.1152/ajpheart.00684.2004

Teng, B., Ledent, C., and Mustafa, S. J. (2008). Up-regulation of A2B adenosine
receptor in A2A adenosine receptor knockout mouse coronary artery. J. Mol.
Cell. Cardiol. 44 (5), 905–914. doi:10.1016/j.yjmcc.2008.03.003

Thiel, M., Kreimeier, U., Holzer, K., Moritz, S., Peter, K., and Messmer, K. (1998).
Effects of adenosine on cardiopulmonary functions and oxygen-derived
variables during endotoxemia. Crit. Care Med. 26 (2), 322–337. doi:10.1097/
00003246-199802000-00036

Thornton, J. D., Liu, G. S., Olsson, R. A., and Downey, J. M. (1992). Intravenous
pretreatment with A1-selective adenosine analogues protects the heart against
infarction. Circulation. 85 (2), 659–665. doi:10.1161/01.cir.85.2.659

Tikh, E. I., Fenton, R. A., Chen, J. F., Schwarzschild, M. A., and Dobson, J. G.,
Jr (2008). Adenosine A1 and A2A receptor regulation of protein
phosphatase 2A in the murine heart. J. Cell. Physiol. 216 (1), 83–90.
doi:10.1002/jcp.21375

Tikh, E. I., Fenton, R. A., and Dobson, J. G., Jr. (2006). Contractile effects of
adenosine A1 and A2A receptors in isolated murine hearts. Am. J. Physiol.
Heart Circ. Physiol. 290 (1), H348–H356. doi:10.1152/ajpheart.00740.2005

Tofovic, S. P., Zacharia, L., Carcillo, J. A., and Jackson, E. K. (2001).
Inhibition of adenosine deaminase attenuates endotoxin-induced
release of cytokines in vivo in rats. Shock. 16 (3), 196–202. doi:10.
1097/00024382-200116030-00005

Torvinen, M., Marcellino, D., Canals, M., Agnati, L. F., Lluis, C., Franco, R., et al.
(2005). Adenosine A2A receptor and dopamine D3 receptor interactions:
evidence of functional A2A/D3 heteromeric complexes. Mol. Pharmacol. 67
(2), 400–407. doi:10.1124/mol.104.003376

Trincavelli, M. L., Melani, A., Guidi, S., Cuboni, S., Cipriani, S., Pedata, F., et al.
(2008). Regulation of A(2A) adenosine receptor expression and functioning
following permanent focal ischemia in rat brain. J. Neurochem. 104 (2),
479–490. doi:10.1111/j.1471-4159.2007.04990.x

Ujfalusi, A., Cseppentö, A., Nagy, E., Szabó, J. Z., Kovács, P., and Szentmiklósi, A. J.
(1999). Sensitization by chronic diazepam treatment of A2A adenosine
receptor-mediated relaxation in rat pulmonary artery. Acta Physiol. 64 (2),
PL19–25. doi:10.1016/s0024-3205(98)00547-5

Urmaliya, V. B., Pouton, C. W., Ledent, C., Short, J. L., and White, P. J. (2010).
Cooperative cardioprotection through adenosine A1 and A2A receptor
agonism in ischemia-reperfused isolated mouse heart. J. Cardiovasc.
Pharmacol. 56 (4), 379–388. doi:10.1097/FJC.0b013e3181f03d05

Varani, K., Portaluppi, F., Merighi, S., Ongini, E., Belardinelli, L., and Borea, P. A.
(1999). Caffeine alters A2A adenosine receptors and their function in human
platelets. Circulation. 99 (19), 2499–2502. doi:10.1161/01.cir.99.19.2499

Vincent, I. S., and Okusa, M. D. (2015). Adenosine 2A receptors in acute kidney
injury. Acta Physiol. 214 (3), 303–310. doi:10.1111/apha.12508

Volonté, C., Apolloni, S., Parisi, C., and Amadio, S. (2016). Purinergic contribution
to amyotrophic lateral sclerosis. Neuropharmacology. 104, 180–193. doi:10.
1016/j.neuropharm.2015.10.026

Vortherms, T. A., andWatts, V. J. (2004). Sensitization of neuronal A2A adenosine
receptors after persistent D2 dopamine receptor activation. J. Pharmacol. Exp.
Therapeut. 308 (1), 221–227. doi:10.1124/jpet.103.057083

Wang, L., Wan, H., Tang, W., Ni, Y., Hou, X., Pan, L., et al. (2018). Critical roles of
adenosine A2A receptor in regulating the balance of Treg/Th17 cells in allergic
asthma. Clin. Res. J. 12 (1), 149–157. doi:10.1111/crj.12503

Woodiwiss, A. J., Honeyman, T. W., Fenton, R. A., and Dobson, J. G., Jr. (1999).
Adenosine A2a-receptor activation enhances cardiomyocyte shortening via
Ca2+-independent and -dependent mechanisms. Am. J. Physiol. 276 (5),
H1434–H1441. doi:10.1152/ajpheart.1999.276.5.H1434

Xi, J., McIntosh, R., Shen, X., Lee, S., Chanoit, G., Criswell, H., et al. (2009).
Adenosine A2A and A2B receptors work in concert to induce a strong
protection against reperfusion injury in rat hearts. J. Mol. Cell. Cardiol. 47
(5), 684–690. doi:10.1016/j.yjmcc.2009.08.009

Xiao, D., Bastia, E., Xu, Y. H., Benn, C. L., Cha, J. H., Peterson, T. S., et al.
(2006). Forebrain adenosine A2A receptors contribute to L-3,4-
dihydroxyphenylalanine-induced dyskinesia in hemiparkinsonian
mice. J. Neurosci. 26 (52), 13548–13555. doi:10.1523/JNEUROSCI.
3554-06.2006

Xu, F., Wu, H., Katritch, V., Han, G. W., Jacobson, K. A., Gao, Z. G., et al. (2011).
Structure of an agonist-bound human A2A adenosine receptor. Science. 332
(6027), 322–327. doi:10.1126/science.1202793

Xu, H., Stein, B., and Liang, B. (1996). Characterization of a stimulatory adenosine
A2a receptor in adult rat ventricular myocyte. Am. J. Physiol. 270 (5 Pt 2),
H1655–H1661. doi:10.1152/ajpheart.1996.270.5.H1655

Yamada, K., Kobayashi, M., and Kanda, T. (2014). Involvement of adenosine A2A
receptors in depression and anxiety. Int. Rev. Neurobiol. 119, 373–393. doi:10.
1016/B978-0-12-801022-8.00015-5

Yang, Z., Day, Y. J., Toufektsian, M. C., Ramos, S. I., Marshall, M., Wang, X. Q.,
et al. (2005). Infarct-sparing effect of A2A-adenosine receptor activation is due
primarily to its action on lymphocytes. Circulation. 111 (17), 2190–2197.
doi:10.1161/01.CIR.0000163586.62253.A5

Yang, Z., Day, Y. J., Toufektsian, M. C., Xu, Y., Ramos, S. I., Marshall, M. A., et al.
(2006). Adenosine A₂A and A₂B receptors are both required for adenosine A₁
receptor-mediated cardioprotection. Circulation. 114 (19), 2056–2064. doi:10.
1152/ajpheart.00264.2011

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 62783817

Boknik et al. Cardiac A2A Receptors

https://doi.org/10.1007/s10637-018-0706-6
https://doi.org/10.1007/s11302-016-9498-3
https://doi.org/10.1523/JNEUROSCI.5255-07.2008
https://doi.org/10.1161/01.res.72.1.194
https://doi.org/10.1161/01.res.72.1.194
https://doi.org/10.1016/s0002-9149(97)00256-7
https://doi.org/10.1016/s0895-7061(98)00166-6
https://doi.org/10.1002/jcp.21579
https://doi.org/10.1016/j.yjmcc.2008.03.003
https://doi.org/10.1523/JNEUROSCI.15-11-07612.1995
https://doi.org/10.1152/ajpheart.00964.2001
https://doi.org/10.1152/ajpheart.00684.2004
https://doi.org/10.1016/j.yjmcc.2008.03.003
https://doi.org/10.1097/00003246-199802000-00036
https://doi.org/10.1097/00003246-199802000-00036
https://doi.org/10.1161/01.cir.85.2.659
https://doi.org/10.1002/jcp.21375
https://doi.org/10.1152/ajpheart.00740.2005
https://doi.org/10.1097/00024382-200116030-00005
https://doi.org/10.1097/00024382-200116030-00005
https://doi.org/10.1124/mol.104.003376
https://doi.org/10.1111/j.1471-4159.2007.04990.x
https://doi.org/10.1016/s0024-3205(98)00547-5
https://doi.org/10.1097/FJC.0b013e3181f03d05
https://doi.org/10.1161/01.cir.99.19.2499
https://doi.org/10.1111/apha.12508
https://doi.org/10.1016/j.neuropharm.2015.10.026
https://doi.org/10.1016/j.neuropharm.2015.10.026
https://doi.org/10.1124/jpet.103.057083
https://doi.org/10.1111/crj.12503
https://doi.org/10.1152/ajpheart.1999.276.5.H1434
https://doi.org/10.1016/j.yjmcc.2009.08.009
https://doi.org/10.1523/JNEUROSCI.3554-06.2006
https://doi.org/10.1523/JNEUROSCI.3554-06.2006
https://doi.org/10.1126/science.1202793
https://doi.org/10.1152/ajpheart.1996.270.5.H1655
https://doi.org/10.1016/B978-0-12-801022-8.00015-5
https://doi.org/10.1016/B978-0-12-801022-8.00015-5
https://doi.org/10.1161/01.CIR.0000163586.62253.A5
https://doi.org/10.1152/ajpheart.00264.2011
https://doi.org/10.1152/ajpheart.00264.2011
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Yao, Z., and Gross, G. J. (1993). Glibenclamide antagonizes adenosine A1 receptor-
mediated cardioprotection in stunned canine myocardium. Circulation. 88 (1),
235–244. doi:10.1161/01.CIR.88.1.235

Zhai, Y. J., Liu, P., He, H. R., Zheng, X. W., Wang, Y., Yang, Q. T., et al. (2015).
The association of ADORA2A and ADORA2B polymorphisms with the risk
and severity of chronic heart failure: a case-control study of a northern
Chinese population. Int. J. Mol. Sci. 16 (2), 2732–2746. doi:10.3390/
ijms16022732

Zhan, E.,McIntosh,V. J., and Lasley, R.D. (2011). AdenosineA₂AandA₂B receptors are
both required for adenosine A₁ receptor-mediated cardioprotection. Am. J. Physiol.
Heart Circ. Physiol. 301 (3), H1183–H1189. doi:10.1152/ajpheart.00264.2011

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Boknik, Escandar, Hofmann, Zimmermann, Neumann and
Gergs. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 62783818

Boknik et al. Cardiac A2A Receptors

https://doi.org/10.1161/01.CIR.88.1.235
https://doi.org/10.3390/ijms16022732
https://doi.org/10.3390/ijms16022732
https://doi.org/10.1152/ajpheart.00264.2011
https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Role of Cardiac A2A Receptors Under Normal and Pathophysiological Conditions
	Introduction
	Receptor Structure
	Signal Transduction
	Interactions of the A2A-AR With Other Proteins
	Expression
	Altered A2A-AR Levels
	Role of A2A-AR in Cardiac Disease
	Arrhythmia
	Ischemia and Hypoxia
	Heart Failure

	Clinical Relevance of A2A-AR Agonists and Antagonists
	Ongoing Clinical Studies
	Open Questions

	Summary
	Author Contributions
	References


