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Extracellular Adenosine: A Safety Signal That Dampens
Hypoxia-Induced Inflammation During Ischemia

Almut Grenz,1 Dirk Homann,2 and Holger K. Eltzschig1

Abstract

Traditionally, the single most unique feature of the immune system has been attributed to its capability to
discriminate between self (e.g., host proteins) and nonself (e.g., pathogens). More recently, an emerging im-
munologic concept involves the notion that the immune system responds via a complex system for sensing
signals of danger, such as pathogens or host-derived signals of cellular distress (e.g., ischemia), while remaining
unresponsive to nondangerous motifs. Experimental studies have provided strong evidence that the production
and signaling effects of extracellular adenosine are dramatically enhanced during conditions of limited oxygen
availability as occurs during ischemia. As such, adenosine would fit the bill of signaling molecules that are
enhanced during situations of cellular distress. In contrast to a danger signal, we propose here that extracellular
adenosine operates as a countermeasure, in fact as a safety signal, to both restrain potentially harmful immune
responses and to maintain and promote general tissue integrity during conditions of limited oxygen availability.
Antioxid. Redox Signal. 15, 2221–2234.

Introduction

Ischemia is a pathologic condition that occurs in the
setting of a wide variety of diseases, including myocardial

infarction (26), acute kidney injury (AKI) (43), and intestinal
ischemia-reperfusion injury (50). Similarly, ischemia re-
perfusion injury of the graft is an important problem during
solid organ transplantation surgery, including the kidneys,
the lungs, the heart, the pancreas, and the liver (28). During an
ischemic event, disruption of the arterial blood supply for a
vascular bed or a specific organ causes an imbalance between
oxygen and nutrition supply and demand, resulting in pro-
found tissue hypoxia (30). Particularly, in organs with a blood
supply system that is supported by end arteries as opposed to
a rich collateral system of blood supply, an ischemic event will
take a particularly severe course (30). If blood flow can be
restored, the ischemic event is followed by a reperfusion
phase that in many instances will further increase tissue injury
and aggravate the immunologic response (122). Global organ
ischemia can also occur in the setting of solid organ trans-
plantation, where a donor organ is explanted and stored un-
der cold conditions (cold ischemia time), rewarmed during
the operation (warm ischemia time), and reperfused. Ischemia
and reperfusion injury will result in an immunologic response
that drives very robust elevations of inflammatory mediators
(43–45), and the recruitment of inflammatory cells of the in-
nate (37) or adaptive immune system (71) into the ischemic

organ. For example, a recent study in patients undergoing
kidney transplantation demonstrated that graft inflammation
correlates with ischemia time, and that a Toll-like receptor
(TLR)4 loss-of-function mutation confers improved kidney
function after transplantation (69). This study gives an ex-
ample that controlling pathologic inflammatory response
occurring in an a sterile environment—as is the case during
solid organ transplantation—represents an important thera-
peutic target. However, it is important to point out that while
ischemia and ischemia-reperfusion injury will trigger an acute
inflammatory response (66, 70), tissue hypoxia will also elicit
adaptive and anti-inflammatory responses (12, 32, 39). In fact,
the characterization of hypoxia-elicited anti-inflammatory
signaling pathways is currently an area of intense investiga-
tion, as such pathways could represent ideal therapeutic ap-
proaches to treat pathologic inflammation during ischemia
(19, 24, 25, 29, 33, 35).

At the most fundamental level, any insults to the physio-
logical integrity of tissues will precipitate a coordinated cas-
cade of processes that converge toward the limitation of
further damage, preservation of residual functionality, and
promotion of tissue repair. In as much as these processes en-
gage the immune system, immune reactivity to suitable
stimuli is a precondition for any further modulation of de-
structive, protective, and restorative mechanisms. The deter-
minants of immune reactivity, as opposed to an absence of
reactivity described by terms such as ignorance or tolerance,
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have long posed a conceptual challenge to immunologists,
and here the proposed distinction between self and nonself
constitutes one of the most fundamental and influential con-
cepts in the science of immunology. However, among the
more consequential challenges to the self/nonself discrimi-
nation as a driving force for immune reactivity (or absence
thereof) is Polly Matzinger’s danger hypothesis that stipulates
an induction and regulation of immune responses as contin-
gent upon the particular nature of the consequences arising
from interactions between organisms and specific stimuli (77).
Thus, immune reactivity is not limited to nonself but rather
focused on the breakdown of constituents that pose potential
harm to the host, and involves in addition to adaptive and
innate immune responses, the specific context of affected tis-
sues and organ systems (78, 102). The danger hypothesis
nominally emphasizes the importance of potentially harmful
stimuli and the subsequent generation of appropriate im-
mune responses, yet unrestrained immunity can cause con-
siderable damage itself and thus requires effective regulation
of immune responses. As such, damage associated molecular
pattern molecules are derived molecules that can initiate and
perpetuate immune response in the noninfectious inflamma-
tory response. They serve as the Signal 0 similar to Pathogen-
associated molecular pattern molecules that drive initiation
and perpetuation of an inflammatory response. For example,
extracellular adenosine triphosphate (ATP) released from ap-
optotic cells can function as a find-me signal to attract inflam-
matory cells (particularly phagocytes), and the balance
between extracellular ATP release and its conversion to aden-
osine is an important aspect of purinergic danger signaling (27).
While the nature of specific danger signals is subject to a host of
current investigations, we propose here that extracellular
adenosine operates as a countermeasure, in fact as a safety
signal, to both restrain potentially harmful immune responses
and to maintain and promote general tissue integrity.

Extracellular adenosine is a signaling molecule that has an
intimate relationship to tissue hypoxia. Hypoxia is a patho-
logical condition in which the body as a whole (generalized
hypoxia) or a region of the body (tissue hypoxia) is deprived
of adequate oxygen supply. As specifically discussed in the
present review, tissue hypoxia can occur in the context of
ischemia, where a restriction in blood supply, generally due to
factors in arterial blood vessels (e.g., a blood clot) causes tissue
deprivation of oxygen and other metabolic supplies. As such,
hypoxia or ischemia will enhance extracellular pathways that
coordinate phosphohydrolysis-dependent adenosine produc-
tion from its precursor molecules (22, 33, 48, 65, 94, 110, 112).
Moreover, hypoxia will further elevate extracellular adenosine
signaling by delaying adenosine transport and intracellular
metabolism (17, 29, 73, 81, 82). In addition of the four known
adenosine receptors (Ars; A1AR, A2AAR, A2BAR, and A3AR),
both A2 receptors are transcriptionally induced by hypoxia (2,
67). In addition, extracellular adenosine signaling events have
been implicated in modulating immune responses, particularly
in the context of acute tissue hypoxia as occurs during ischemia
(25, 26, 34, 36, 43–45, 47–52, 65, 100). In support of this hy-
pothesis, several studies implicate extracellular adenosine sig-
naling in dampening excessive inflammation and attenuation
of collateral tissue damage during ischemia (Fig. 1) (41, 85, 104,
105, 107, 111). In this review, we discuss the transcriptional
control and the specific pathways that drive extracellular
adenosine accumulation and signaling during ischemia, and

develop the hypothesis that extracellular adenosine may serve
as an endogenous danger signal for the presence of hypoxia-
elicited inflammation. Moreover, we discuss the possibility of
targeting these pathways to treat specific diseases that involve
ischemia-reperfusion injury.

Adenosine: A Signaling Molecule

Adenosine belongs to the chemical group of nucleosides.
Nucleosides are composed of a nucleobase—adenine in the
case of adenosine—covalently linked to a ribose sugar (Fig. 2).
Adenine is a purine—heterocyclic aromatic organic com-
pound consisting of a pyrimidine ring fused to an imidazole

FIG. 1. Tissue inflammation and protection during
ischemia-reperfusion injury. Ischemia-reperfusion injury is
associated with tissue inflammation and organ dysfunction.
At the same time, tissue hypoxia within ischemic organs can
elicit endogenous protective pathways that are critical in
dampening inflammation and help to adapt ischemic organs
to hypoxia. In the present review, we propose that extra-
cellular adenosine signaling represents a hypoxia-elicited
signaling mechanism that dampens inflammation and injury.
(To see this illustration in color the reader is referred to the
web version of this article at www.liebertonline.com/ars).

FIG. 2. Adenosine. Adenosine belongs to the chemical
group of nucleosides composed of the purine base adenosine
(red) attached to a ribose sugar. (To see this illustration in
color the reader is referred to the web version of this article at
www.liebertonline.com/ars).
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ring. Purines are the most widely distributed kind of nitrogen-
containing heterocycle in nature.

In the intracellular compartment, adenosine is a central
building block for molecules central to the storage of genetic
information or energy metabolism. For example, adenosine is
the molecular core of adenosine phosphates, such as 5¢-
adenosine monophosphate (AMP) or 5¢-ATP (Fig. 3), both of
them central to cellular energy metabolism and energy
transfer. Adenosine derivatives like ATP are also implicated
in the regulation of multiple cell functions, for example, by
participating in the protein phosphorylation. Similarly,
adenosine is part of the molecular backbone of RNA, and—in
its deoxyribose form—of DNA. Extracellular adenosine
functions mainly as a signaling molecule. Interestingly, this
observation was made long before the discovery of RNA or
DNA. In 1927, Drury and Szent-Gyorgyi from the University
of Cambridge, United Kingdom, performed an experiment
where they injected extracts from cardiac tissues intrave-
nously into a whole animal. They were surprised to notice a
transient disturbance of the cardiac rhythm and slowing of the
heart rate (20). Following several purification steps, the au-
thors were able to identify the biologically active compound of
the extract as an adenine compound (20, 28). The term adenine
was coined in 1885 by Nobel laureate Albrecht Kossel to de-
scribe a component originally derived from the pancreas (aden:
gland, -ine commonly used in 19th century for derived sub-
stances). At present, four different ARs have been described
that represent G-protein coupled membrane-spanning recep-
tors. Signaling events through these receptors have been asso-
ciated with a wide range of biological functions, such as the
regulation of the heart-rate (64, 76, 92, 120), vascular tone (6),
the sensation of pain, and the regulation of immune functions
of the innate or adaptive immune system (28, 85, 104–107). For
example, the signaling effects of extracellular adenosine sig-
naling are utilized in a clinical setting when treating patients
with supraventricular tachycardia. This cardiac arrhythmia is
characterized by an elevated heart rate that originates from a
center higher than the ventricles (supraventricular). To treat
patients with this form of arrhythmia, adenosine is injected as a
rapid intravenous bolus and results in a complete heart block
that lasts*5–10 s. When the heartbeat recovers, the hope is that
the arrhythmia is terminated, and a normal sinus rhythm
prevails (18). Here, we will discuss how endogenous adenosine

signaling is altered by conditions of ischemia or hypoxia, and
how these pathways contribute to attenuating hypoxia-in-
duced inflammation of ischemic organs.

Extracellular Adenosine Stems from Extracellular
Nucleotide Phosphohydrolysis

It is now well established that during conditions of limited
oxygen availability or inflammation, such as occurs during
ischemia and reperfusion injury, extracellular nucleotide
levels are elevated. In fact, intracellular ATP levels are tightly
controlled and relatively high (4–8 mM). During adverse
conditions, ATP (or adenosine diphosphate [ADP]) can be
released from essentially every type of cell in different man-
ners. This can include leakage from cells that are undergoing
apoptosis or necrosis during ischemia. This can also involve
vesicular release as has been described as the key mechanism
of ADP release from platelets (28). Moreover, there are many
examples for specific pathways responsible for the controlled
or regulated ATP release. For example, and given the as-
sociation of polymorphonuclear leukocytes (PMNs) with
adenine-nucleotide/nucleoside signaling in the inflammatory
milieu, a study from our laboratory investigated the hypoth-
esis that PMNs could function as a source of extracellular
ATP. Initial studies using high-performance liquid chroma-
tography and luminometric ATP detection assays revealed
that PMNs release ATP through activation-dependent path-
ways. After excluding lytic ATP release, we used pharmaco-
logical strategies to reveal a potential mechanism involved in
PMN-dependent ATP release (e.g., verapamil, dipyridamole,
brefeldin A, 18-alpha-glycyrrhetinic acid, and connexin-
mimetic peptides). These studies showed that PMN ATP re-
lease occurs through connexin 43 (Cx43) hemichannels in a
protein/phosphatase-A-dependent manner. Findings in hu-
man PMNs were confirmed in PMNs derived from induced
cx43 - / - mice, whereby activated PMNs release < 15% of ATP
relative to littermate controls, whereas Cx43 heterozygote
PMNs were intermediate in their capacity for ATP release.
Taken together, these studies identify a role for Cx43 in acti-
vated PMN ATP release, therein contributing to the innate
metabolic control of the inflammatory milieu (31). We made
similar findings in studies of ATP release from hypoxic vas-
cular endothelial cells (39). Other examples of extracellular
ATP release include stretch-dependent ATP release from
bladder umbrella cells (114), or glia cell-dependent ATP re-
lease via P2X7 receptors (108). Together and in conjunction
with studies that measured ATP or ADP levels in ischemic
organs, there is strong evidence that conditions of inflam-
mation or hypoxia are associated with robust elevations of
extracellular ATP levels (5–7, 41, 45, 48, 65, 104, 107).

Once released into the extracellular compartment, ATP/
ADP is rapidly converted to adenosine (Fig. 2). Extracellular
ATP/ADP-phosphohydrolysis is mainly achieved enzymati-
cally by ecto-nucleoside triphosphate diphosphohydrolases
(E-NTPDases), a recently described family of ubiquitously
expressed membrane-bound enzymes (95, 124). The catalytic
sites of plasma membrane expressed E-NTPDases 1–3 and 8
are exposed to the extracellular milieu, the others are intra-
cellular (95). The presumptive biological role of plasma
membrane-bound E-NTPDases (E-NTPDase 1–3 and 8) is to
fine-tune extracellular nucleotide levels. For example, E-
NTPDase1 (CD39) plays an important role in vascular endo-

FIG. 3. Adenosine triposphate. (To see this illustration in
color the reader is referred to the web version of this article at
www.liebertonline.com/ars).
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thelial function by blocking platelet aggregation via the
phosphohydrolysis of ATP and ADP from the blood to
maintain vascular integrity (75, 89). At the same time, E-
NTPDase1 is also important in the maintenance of platelet
functionality by preventing platelet P2Y1-receptor desensiti-
zation. As such, mice gene targeted for E-NTPDase1 (cd39 - / -

mice) show prolonged bleeding time with minimally per-
turbed coagulation parameters (38). Of significant physio-
logical relevance is the fact that the E-NTPDase-end product,
AMP, serves as the major metabolic substrate for 5¢-ecto-
nucleotidase (CD73)-dependent generation of extracellular
adenosine (33). Thus, E-NTPDase expression and function are
key-regulators of extracellular adenosine signaling.

The final step of extracellular adenosine generation is
achieved via the CD73. The enzyme consists of a dimer of two
identical 70-kDa subunits bound by a glycosyl phosphatidyl
inositol linkage to the external face of the plasma membrane.
In addition to its role in extracellular adenosine generation,
CD73 has been used as a marker of lymphocyte differentia-
tion. Due to its GPI-anchor, there are situations when CD73
can come off the membrane and recent studies have impli-
cated soluble CD73 as a biomarker of human disease (84).
Studies of gene-targeted mice for CD73 have found many
phenotypic manifestations that are at mainly attributed to the
enzymatic function of CD73 (8, 11, 16, 22, 26, 44, 49, 52, 68,
112). While CD73 is expressed very widely, highest expres-
sional levels can be found in the heart, the liver, the kidney,
the lungs, the brain, and particularly the intestine (112). In-
terestingly, the intestine is also a site that is highest in aden-
osine deaminase (ADA) activity (79). As such, the intestine
appears to be the tissue with the highest capacity for adeno-
sine production adenosine deamination. Taken together,
these studies point toward a pathway for extracellular aden-
osine generation that involves extracellular release of nucle-
otides, particularly ATP and ADP, followed by a two-step
enzymatic phosphohydrolysis via CD39 and CD73 resulting
in the extracellular liberation of adenosine (Fig. 4).

Alternative Pathways for Extracellular
Adenosine Generation

While studies in gene-targeted mice with defects in the
nucleotide phosphohydrolysis pathway (cd39 - / - or cd73 - / -

mice) demonstrate defects in extracellular adenosine pro-
tection and signaling, there are also alternative enzymatic
pathways that have been implicated in the extracellular
production of adenosine. For example, a recent study dis-
covered that renal injury drives the release of 2¢,3¢-cyclic
AMP (cAMP) (positional isomer of 3¢,5¢-cAMP) into the
interstitium. This finding motivated the hypothesis that
renal injury leads to activation of an extracellular 2¢,3¢-
cAMP-adenosine pathway (i.e., metabolism of extracellular
2¢,3¢-cAMP to 3¢-AMP and 2¢-AMP, which are metabolized
to adenosine, a retaliatory metabolite) (59, 60). These recent
studies point toward the possibility that there may be al-
ternative mechanisms for extracellular adenosine generation
other than the CD39/CD73 pathway. While there is very
strong genetic and pharmacologic evidence for a critical
role of CD39/CD73 in extracellular adenosine generation
and signaling, the physiologic relevance for extracellular
cyclic adenosine nucleotides and their relationship to the
CD39/CD73 pathway have yet to be determined. More-
over, there is evidence that alkaline phosphatase may play
an important role in some tissues for extracellular adeno-
sine generation (88).

Adenosine Receptors

Once generated in the extracellular space, adenosine can
signal through four ARs: A1AR, A2AAR, A2BAR, and A3AR
(28). ARs are G-protein-coupled receptors that can function
through alterations in adenylate cyclase activity, thereby
resulting in attenuation (A1AR and A3AR) or elevation
(A2AAR and A2BAR) of cAMP levels (54, 55). Due to the fact
that viable gene-targeted mice were successfully generated
during the past decade, considerable progress could be made
toward better defining the physiological roles of these re-
ceptors. For example, the A1AR has been implicated in the
adenosine-induced heartblock. As such, intravascular aden-
osine treatment that causes heart block in wild-type mice does
not alter the heart rates of A1AR - / - mice (64, 76, 93). An initial
report of A2AAR - / - mice implicated this receptor in psy-
choactivity (72). This study found that A2AAR - / - mice were
viable and bred normally. Their exploratory activity was re-
duced, whereas caffeine, which normally stimulates explor-
atory behavior, became a depressant of exploratory activity.
Knockout animals scored higher in anxiety tests, and male
mice were much more aggressive toward intruders (72). Later
studies of A2AAR - / - mice focused on the role of this receptor
in mediating inflammatory responses (85, 111). Studies in
A2BAR - / - mice have implicated this receptor in attenuating
inflammation and vascular injury (118, 119), and in hypoxia-
elicited tissue adaptation (21, 26, 42, 47, 50, 100). Other reports
indicate a potentially detrimental role of A2BAR signaling in
chronic injury models, particularly during chronic obstructive
lung disease, pulmonary fibrosis, or alcohol induced fatty li-
ver disease (4, 87, 109, 123). Genetic studies in mice with
targeted disruption of the A3AR have implicated this receptor
in pro- and anti-inflammatory responses (80, 99). At present,
studies in mice with tissue-specific deletion of individual ARs
will allow to move field forward toward better understanding

FIG. 4. Extracellular adenosine generation. In the extracel-
lular compartment, adenosine mainly stems from phosphohy-
drolysis of precursor molecules. Specifically, this involves
conversion of ATP/ADP via the ecto-apyrase CD39 to AMP,
followed by a second conversion step catalyzed by the 5¢-ecto-
nucleotidase CD73. ADP, adenosine diphosphate; AMP, aden-
osine monophosphate; ATP, adenosine triphosphate; CD39,
ecto-apyrase, ENTPDase 1; CD73, 5¢-ecto-nucleotidase. (To see
this illustration in color the reader is referred to the web version
of this article at www.liebertonline.com/ars).
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the tissue-specific contributions, and the timing of adenosine
signaling events in models of disease (Fig. 5).

Termination of Extracellular Adenosine Signaling

After activation of ARs, extracellular adenosine signaling is
terminated in a two-step process. As first step, adenosine is
transported from the extracellular toward the intracellular
compartment. This is mainly achieved via nucleoside trans-
porters (73), the equilibrative nucleoside transporters (ENTs,
diffusion-limited channels) and concentrative nucleoside
transporters (sodium-dependent transporters). Particularly,
ENTs have been implicated in terminating extracellular aden-
osine signaling. For example, the ENT inhibitor dipyridamole is
clinically used to for stress echocardiography, where inhibition
of coronary ENTs results in elevated extracellular adenosine
levels, and adenosine-dependent coronary vasodilatation. Si-
milarly, enhanced extracellular adenosine concentrations may
also account for the antithrombotic effects of oral dipyridamole
treatment that is used in combination with aspirin to prevent
recurrent stroke (98). Once within the cytosole, adenosine is
rapidly metabolized to inosine via the ADA, or to AMP via the
adenosine kinase. Together with adenosine transporters, its
rapid intracellular metabolism accounts for adenosine’s rela-
tively short half-life. It is important to point out that both
adenosine transport and metabolism represent important
mechanisms to fine-tune extracellular adenosine signaling
events. For example, attenuation of adenosine transport or
metabolism can account for significant increases in extracellular
adenosine concentrations and signaling effects (29, 73, 81, 82).

An additional mechanism of extracellular adenosine
breakdown involves the ADA. While acute increases in
adenosine are important to counterbalance excessive inflam-
mation or vascular leakage, chronically elevated adenosine
levels may be toxic. Thus, we reasoned that clearance mech-
anisms might exist to offset deleterious influences of chroni-
cally elevated adenosine. Guided by microarray results
revealing induction of endothelial ADA mRNA in hypoxia,
we used in vitro and in vivo models of adenosine signaling,

confirming induction of ADA protein and activity—however,
at later time points than hypoxia induction of CD73 or CD39
occurs. Further studies in human endothelia revealed that
ADA-complexing protein CD26 is coordinately induced by
hypoxia, effectively localizing ADA activity at the endothelial
cell surface. Moreover, ADA surface binding was effectively
blocked with glycoprotein 120 (gp120) treatment, a protein
known to specifically compete for ADA-CD26 binding.
Functional studies of murine hypoxia revealed that inhibition
of ADA with deoxycoformycin (dCF) enhances protective
responses mediated by adenosine (vascular leak and neutro-
phil accumulation). Analysis of plasma ADA activity in pe-
diatric patients with chronic hypoxia undergoing cardiac
surgery demonstrated a 4.1 – 0.6-fold increase in plasma
ADA activity compared with controls. Taken together, these
results reveal induction of ADA as innate metabolic adapta-
tion to chronically elevated adenosine levels during hypoxia.
In contrast, during acute hypoxia associated with vascular
leakage and excessive inflammation, ADA inhibition may
serve as therapeutic strategy (32).

Effect of Hypoxia on Extracellular Adenosine
Accumulation and Signaling

In the present review, we are developing the concept that
adenosine functions as a safety signal in the context of dis-
rupted tissue integrity, but discussed here with an emphasis
on ischemia and reperfusion injury. To function as a safety
signal during ischemia, adenosine would have to be produced
or released during conditions that are characteristic for is-
chemia (such as limited oxygen availability). In contrast, in
nondangerous situations, extracellular adenosine production
should be attenuated. Consistent with this concept, we will
present experimental evidence in the following paragraph
that ischemia drives a molecular switch that ultimately results
in ischemia-elicited enhancement of extracellular adenosine
levels and signaling events.

Critical coordinators in this pathway are hypoxia-inducible
factors (HIFs) (32, 39, 46, 53, 67, 70, 107, 116). HIFs are a/b
heterodimers that bind hypoxia response elements (HREs) at
target gene loci under hypoxic conditions (Fig. 6). In the
presence of oxygen, HIFs are inactivated by posttranslational
hydroxylation of specific amino acid residues within their a
subunits. Prolyl hydroxylation promotes interaction with the
von Hippel–Lindau protein (pVHL) E3 ubiquitin ligase
complex and proteolytic inactivation by proteasomal degra-
dation, whereas asparaginyl hydroxylation blocks coactivator
recruitment. These hydroxylation steps are catalyzed by a set
of nonheme Fe(II)-dependent and 2-oxoglutarate-dependent
dioxygenases (prolyl hydroxylases, PHDs) whose absolute
requirement for molecular oxygen confers sensitivity to
hypoxia (101). HIF-1a was the original HIF isoform identified
by affinity purification using oligonucleotides from the
erythropoietin locus (115), whereas HIF-2a and HIF-3a were
identified by homology searches or screens for interaction
partners with HIF-1b. HIF-3a is the more distantly related
isoform and, in certain splicing arrangements, encodes a
polypeptide that antagonizes HRE-dependent gene expres-
sion. However, HIF-1a and HIF-2a are closely related, and
both activate HRE-dependent gene transcription (117).
Nevertheless, knockout studies in mice demonstrate that HIF-
1a and HIF-2a play nonredundant roles, and inactivation of

FIG. 5. Examples for extracellular adenosine signaling.
Extracellular adenosine can signal through four distinct aden-
osine receptors: A1AR, A2AAR, A2BAR, and A3AR. Examples
for signaling events are displayed. AR, adenosine receptor. (To
see this illustration in color the reader is referred to the web
version of this article at www.liebertonline.com/ars).
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each one results in a distinctly different phenotype. This may
result, in part, from differences in tissue-specific and temporal
patterns of induction of each isoform (57, 101), but, not un-
commonly, both isoforms are expressed within a given cell
type, and the results of several studies suggest that HIF-1a
and HIF-2a may have distinct transcriptional targets (90, 91).
For example, the transcription of genes encoding enzymes
that operate in a coordinated way in the glycolytic pathway
appears to be driven by HIF-1a and not HIF-2a (58).

HIFs play a key role in coordinating enhanced adenosine
signaling events during conditions of ischemia. This interac-
tion occurs on multiple levels. In 2002, a series of studies from
the research laboratory of Sean Colgan identified a previously
unrecognized HIF-binding site within the promoter region of
the CD73 gene (110). The authors performed studies with
promoter constructs, site-directed mutagenesis, and HIF loss-
and gain-of-function approaches to reveal a functional role of
HIF-1a in the transcriptional induction of CD73. While the
notion that hypoxia can enhance the effects of extracellular
adenosine signaling has been long suspected, these studies
provided the first mechanistic connection between hypoxia
signaling and adenosine generation (110). Moreover and con-
sistent with the concept of adenosine as a danger signal that
dampens inflammation during ischemia, CD73-deficient mice

that were subsequently generated by the laboratory of Linda
Thompson show increased vascular leakage and inflammatory
cell accumulations in multiple organs when exposed to condi-
tions of limited oxygen availability (37, 112). In fact, these
studies were among the first to provide genetic in vivo evidence
that extracellular adenosine generation and signaling can
counterbalance hypoxia-induced inflammation (Fig. 7) (33, 112).

Serendipitously, a series of additional studies confirmed
that HIFs regulate not only the pace-maker enzyme for ex-
tracellular adenosine generation, but also a whole molecular
pathway responsible for ischemia-elicited enhancement of
adenosine signaling. This occurs on multiple levels. In addi-
tion to CD73-dependent adenosine generation, HIFs drive AR
expression during conditions of limited oxygen availability.
As such, it is important to point out that several studies in-
dicate that transcriptional induction of ARs represents an
important adaptation to enhance extracellular adenosine sig-
naling, for instance, during acute lung injury (23). As such,
studies demonstrate that the A2BAR is selectively induced
during hypoxia exposure of human endothelial or epithelial
cells (33, 67), or in murine studies of ischemia-reperfusion in-
jury (25, 26, 50). Again, mechanistic studies to define the tran-
scriptional pathway of A2BAR induction determined a critical
contribution of HIF-1a as transcriptional regulator (67). Inter-
estingly, a more recent study also demonstrated that the
A2AAR is induced by conditions of limited oxygen availability.
Again, transcriptional studies determined a role of HIFs in this
response. But in contrast to the A2BAR that is induced by HIF-
1a, these studies determined a critical role of HIF-2a in A2AAR
induction during conditions of limited oxygen availability (2).

FIG. 6. HIF-dependent alteration of gene expression dur-
ing hypoxia. Under normoxic conditions, hydroxylation of
proline residues within the a-subunit promotes HIF-a associ-
ation with the von Hippel Lindau gene product, leading to
HIF-a destruction via the ubiquitin/proteasome pathway. This
is achieved by oxygen-sensing PHDs. In addition, hydroxyl-
ation of an asparagine residue by FIH blocks association with
coactivators (e.g., p300). In hypoxia, substrate availability for
PHDs and FIH is decreased, thereby preventing hydroxyl-
ation-dependent destruction of HIF-a, and allowing coacti-
vator binding. Thus, HIF-a subunits (both HIF-1a and HIF-2a)
escape proteolysis, dimerize with HIF-1b, recruit coactivators,
and activate transcription via binding to the promoter region of
hypoxia-responsive genes (hypoxia-responsive elements). This
leads to the transcriptional activation of genetically controlled
survival pathways, including angiogenesis, erythropoiesis,
metabolism, mitochondrial functions, or adenosine generation
and signaling. FIH, factor inhibiting HIF; HREs, hypoxia-re-
sponsive elements; HIF, hypoxia-inducible factor; PHDs, pro-
lyl-hydroxylases; pVHL, von Hippel Lindau gene product. (To
see this illustration in color the reader is referred to the web
version of this article at www.liebertonline.com/ars).

FIG. 7. Nucleotide metabolism and nucleoside signaling
during hypoxia. Under conditions of limited oxygen avail-
ability—such as occurs during ischemia—diminished oxygen
supply promotes the transcriptional induction of CD39, CD73,
and ARs (particularly, the A2BAR). Under these conditions,
extracellular nucleotides in the form of ATP or ADP can be
released by different cell types, for example, activated neu-
trophils. Via a two-step enzymatic reaction involving CD39
and CD73, this process results in the liberation of extracellular
adenosine. Adenosine generated in this fashion is available for
activation of surface ARs, particularly the A2BAR. A2BAR
signaling can elicit increases in intracellular cyclic AMP, re-
sulting, for example, in enhanced barrier function. PMN,
polymorphonuclear leukocyte (neutrophil). (To see this illus-
tration in color the reader is referred to the web version of this
article at www.liebertonline.com/ars).
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In addition to alterations of AR expression, HIFs also co-
ordinate a transcriptionally regulated responses that delays
adenosine uptake. This occurs on the level of adenosine
transporters, and also on the level of enzymatic intracellular
adenosine metabolism. Studies measuring the capacity of
vascular endothelia or intestinal epithelia to transport aden-
osine that is added to their supernatants revealed delayed
adenosine uptake into cells that were previously exposed to
hypoxia (29, 82). More mechanistic studies utilizing transport
of radio-labeled adenosine in combination with siRNA re-
pression of individual adenosine transporters found that
ENT1 and ENT2 are the predominant adenosine transporters
in vascular endothelia, or intestinal epithelia, respectively (29,
82). While in most instances HIFs transcriptionally induce
target genes, binding of HIF to the promoter region of ENT1
or ENT2 dampens gene transcription, ultimately resulting in
adenosine transporter repression. From a functional point of
view, this endogenous pathway provides an additional
mechanism to increase extracellular adenosine signaling by
prolonging the extracellular half-life of adenosine that accu-
mulates on the extracellular surface.

In addition to HIF-dependent changes of adenosine trans-
porters, previous studies have also determined an influence of
hypoxia on intracellular adenosine signaling. A very elegant
study from the laboratory of Juergen Schrader determined
that hypoxia-elicited inhibition of the adenosine kinase drives
extracellular adenosine levels of the heart. In addition, other
studies with promoter constructs, and a combination of
in vitro and in vivo HIF loss- and gain-of-function revealed a
hypoxia-responsive element within the AK promoter, thereby
showing yet another HIF-dependent pathway that drives
extracellular adenosine levels. Finally, previous studies found
that the neuronal guidance molecule netrin-1 can enhance
extracellular adenosine signaling events—particularly
through the A2BAR (13, 97). Netrins belong to a group of
guidance cue molecules that play an important role in brain
development (103). These molecules have more recently been
implied in the regulation of inflammatory events (10, 74).
Consistent with the role of HIFs in enhancing extracellular
adenosine signaling, we identified a HIF-binding site within
the promoter region of netrin-1, and functional studies dem-
onstrated HIF-1a in inducing mucosal netrin-1 expression and
attenuation of hypoxia-induced inflammation (97).These stud-
ies identified a role of a neuronal guidance molecule outside
the brain. Under the control of HIFs, and by enhancing
extracellular A2BAR signaling, netrin-1 dampens hypoxia-
induced inflammation of mucosal organs (Fig. 8) (97).

Taken together, the above studies demonstrate that hyp-
oxia coordinates transcriptional mechanism under the control
of HIFs that result in enhanced extracellular adenosine pro-
duction and signaling, whereas adenosine transport and
metabolism after AR activation are delayed. As such, the stage
is set for adenosine to function as a safety signal during con-
ditions of limited oxygen availability—such as typically oc-
curs during ischemia (Fig. 9).

Inflammatory Cell Adenosine Signaling

For adenosine to function as safety signal, we will need to
discuss the tissue-specific roles of adenosine signaling in the
context of potentially dangerous situations that will require a
careful tuning of pathophysiological responses that preserve

residual functional integrity, promote tissue repair, and limit
pathology. Here, adenosine signaling may exert cytoprotec-
tive effects either directly on parenchymal cells or indirectly
through the modulation of immune cell activities. To answer
this question, studies in bone marrow chimeric mice for in-
dividual ARs with deletion of a specific AR on either on the
inflammatory cells or on the radio-resistant tissues have de-
fined contribution of adenosine tissue versus immune cell
signaling events. These studies have provided evidence for
both scenarios: in some cases, biological adenosine responses
involve signaling events on cardiac myocytes, epithelial cells,
or endothelial cells (21, 23, 24, 43); in other cases, AR activa-
tion dampens inflammation via activation of inflammatory
cell ARs (16, 21, 23, 43, 71, 97, 121). Here, we will discuss two
examples of how adenosine affects immune cell functions.

A first example for an important role of adenosine signaling
in modulating immune cell functions occurs via AR activation

FIG. 8. Ischemia-induced inflammation enhances muco-
sal netrin-1 production. During ischemia-elicited inflam-
mation (e.g., during intestinal ischemia), HIF is stabilized and
coordinates the transcriptional induction of netrin-1. As
such, epithelial-released netrin-1 can attenuate neutrophil
accumulation into the ischemic intestine. This process in-
volves enhancement of adenosine signals through the A2BAR.
(To see this illustration in color the reader is referred to the
web version of this article at www.liebertonline.com/ars).

FIG. 9. Effect of ischemia on extracellular adenosine. (To
see this illustration in color the reader is referred to the web
version of this article at www.liebertonline.com/ars).
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expressed on PMNs. A lot of original research work in this
area comes from the laboratory of Bruce Crohnstein. His re-
search work identified adenosine as a physiologic modulator
of superoxide anion generation by human neutrophils via
activation of the A2AR expressed on human neutrophils. His
group also provided the first in vivo evidence for a functional
role of the A2A receptor in dampening inflammatory re-
sponses (14), which was subsequently confirmed in very ele-
gant genetic studies from the laboratory of Misha Sitkovsky
(85). Consistent with the theme of the present review, other
studies identified PMN-elicited adenosine signaling events in
PMN transmigration during conditions of limited oxygen
availability (37). Hypoxia and ischemia are well-documented
inflammatory stimuli and result in tissue PMN accumulation.
Likewise, increased tissue adenosine levels are commonly
associated with hypoxia, and given the anti-inflammatory
properties of adenosine, the authors of this study hypothe-
sized that adenosine production via adenine nucleotide me-
tabolism at the vascular surface triggers an endogenous anti-
inflammatory response during hypoxia. Initial in vitro studies
indicated that endogenously generated adenosine, through
activation of PMN adenosine A2A and A2B receptors, func-
tions as an antiadhesive signal for PMN binding to micro-
vascular endothelia. Intravascular nucleotides released by
inflammatory cells undergo phosphohydrolysis via hypoxia-
induced CD39 (CD39 converts ATP/ADP to AMP) and CD73
(CD73 converts AMP to adenosine). Extensions of these
in vitro findings using cd39 - / - or cd73 - / - mice revealed that
extracellular adenosine produced through adenine nucleotide
metabolism during hypoxia is a potent anti-inflammatory
signal for PMNs in vivo. These findings identify CD39 and
CD73 as critical control points for endogenous adenosine
generation and implicate A2AAR and A2BAR signaling in an
endogenous feedback mechanism to attenuate excessive tis-
sue PMN accumulation (37). Subsequent studies to identify
the contribution of individual ARs exposed gene-targeted
mice for each AR to ambient hypoxia (8% oxygen over 4 h)
and studied hypoxia-elicited inflammation (21). These studies
observed a relatively selective role for the A2BAR in damp-
ening hypoxia-induced inflammation. Additional experi-
ments in bone marrow chimeric A2BAR mice suggested a
predominant role of vascular A2BARs in dampening hypoxia-
elicited vascular leakage, whereas hypoxia-associated in-
creases in tissue neutrophils were, at least in part, mediated by
A2BAR-expressing hematopoietic cells. Taken together, these
studies provide pharmacologic and genetic evidence for a role
of PMN adenosine signaling as central control point of
hypoxia-associated inflammation. Similarly, a recent study
identified the neuronal guidance molecule netrin-1 as an al-
ternative pathway of enhancing adenosine signaling events
via A2BARs expressed on PMN. In fact, exogenous treatment
with netrin-1 dampened hypoxia-associated inflammation
in mucosal organs of wild-type but not of A2BAR - / - mice.
Moreover, studies in bone marrow chimeric mice for the
A2BAR suggested that netrin-1-elicited attenuation of PMN
trafficking into hypoxic organs requires an interaction of the
myeloid A2BAR with netrin-1 (97). Taken together, there is now
considerable evidence that in situations of ischemia or hypoxia,
enhancement of extracellular adenosine levels and PMN-de-
pendent AR signaling dampens acute immune responses.

As a second example, recent studies from the laboratory of
Simon Robson have implicated adenosine generation and

signaling in a subpopulation of T lymphocytes—T regulatory
cells (T reg cells). Studies of T reg cells have been limited by
the dearth of specific surface markers to identify this group of
cells in an in vivo setting. In this landmark study from the
laboratory of Simon Robson, his team shows that the ex-
pression of CD39 in concert with CD73 distinguishes
CD4( + )/CD25( + )/Foxp3( + ) T reg cells from other T cells.
These ectoenzymes generate pericellular adenosine from ex-
tracellular nucleotides. The coordinated expression of CD39/
CD73 on T reg cells and the adenosine A2A receptor on acti-
vated T effector cells generates immunosuppressive loops,
indicating roles in the inhibitory function of T reg cells. Con-
sequently, T reg cells from cd39 - / - null mice show impaired
suppressive properties in vitro and fail to block allograft rejec-
tion in vivo. The authors conclude that CD39 and CD73 are
surface markers of T reg cells that impart a specific biochemical
signature characterized by adenosine generation that has
functional relevance for cellular immunoregulation (16).

Adenosine in Ischemia-Reperfusion Injury

In the above paragraphs we have discussed research
studies that provide strong evidence for the fact that extra-
cellular adenosine levels and signaling events are enhanced
during conditions of limited oxygen availability such occurs
during ischemia-reperfusion injury. We have also provided
evidence that adenosine signaling events can dampen im-
mune responses, via activation of ARs expressed either on the
tissues or on immune cells. Thus, the stage is set to take a look
at adenosine generation and signaling during ischemia and
reperfusion injury in different organ systems. In fact, these
studies are consistent with the concept that adenosine can
function as an endogenous safety signal to dampen hypoxia-
induced inflammation and tissue injury during ischemia.
While adenosine signaling has been implicated in many
models of ischemia-reperfusion injury, we will focus in the
present review on extracellular adenosine in myocardial, he-
patic, and renal ischemia reperfusion injury.

Myocardial ischemia

Myocardial ischemia represents a major health problem of
Western countries. Current therapeutic interventions focus
mainly on early and persistent coronary reperfusion, and
additional pharmacological strategies to increase resistance to
myocardial ischemia are currently the areas of intense inves-
tigation (40, 56, 113). Here, several studies from the adenosine
field provide evidence for a cardio-protective role of extra-
cellular adenosine during myocardial ischemia-reperfusion
injury. Many of these studies combine two different experi-
mental approaches: first, they utilize pharmacologic or ge-
netic approaches to study the role of adenosine production
and signaling during myocardial ischemia and reperfusion
injury; second, they utilize an experimental approach to elicit
ischemia-driven cardio-adaptive responses to identify novel
therapeutic targets. In fact, a powerful strategy for cardio-
protection would be to recapitulate the consequences of is-
chemic preconditioning (IP) (83), where short and repeated
episodes of ischemia and reperfusion before myocardial in-
farction result in attenuation of infarct size. Despite multiple
attempts to identify the underlying molecular mechanisms,
pharmacological strategies utilizing such pathways have yet
to be further defined and introduced into clinical practice (63).

2228 GRENZ ET AL.



Several genetic and pharmacological studies provide
strong evidence that attenuation of extracellular adenosine
generation via the CD39 and CD73 pathway results in atten-
uated cardio-protection by IP treatment, and pharmacologic
strategies that will enhance this pathway are associated with
attenuated myocardial infarct sizes (28). For example, a study
in dogs demonstrated that inhibition of CD73 is associated
with abolished cardio-protection by ischemic preconditioning
(62). Similarly, studies in gene-targeted mice for CD39 or
CD73 revealed larger infarct sizes after 60 min of in situ liga-
tion of the left coronary artery and 2 h of reperfusion, in
conjunction with abolished cardio-protection by IP treatment
(26, 65). Moreover, intravascular treatment with compounds
that enhance extracellular generation of adenosine from ATP/
ADP (soluble apyrase from potatos) or phosphohydrolysis of
AMP to adenosine (soluble nucleotidase from snake venom)
attenuated myocardial infarct sizes. Consistent with studies
on ambient hypoxia exposure (33, 110), cardiac studies of
CD39/CD73 transcript and protein levels indicated tran-
scriptional induction of this pathway with myocardial ische-
mia (26, 65). In contrast to the role of HIF in transcriptional
induction of CD73/A2ARs, some of these studies identified a
central role of the transcription factor SP1 for the induction of
CD39 during hypoxia or myocardial ischemia (34).

Consistent with the concept of adenosine signaling as a
safety signal to dampen tissue inflammation and collateral
damage, while at the same time promoting adaptation and
repair, genetic studies have implicated all four ARs in cardio-
protection from ischemia-reperfusion injury (28). Several very
elegant studies from the laboratory of John Headrick in col-
laboration with Michael Blackburn demonstrate a functional
role of the A1AR in cardio-protection from ischemia. While
mice with overexpression of the A1AR are protected from
ischemia, A1AR knockout mice have attenuated ischemia
tolerance (76, 92, 93). Functional studies indicate that intrin-
sically activated A1ARs appear to enhance postischemic
contractility and limit cardiac cell death (93). Studies from the
research laboratory of Joel Linden suggest an important role
of the A2AAR in cardio-protection from ischemia (121). In the
course of these studies, Dr. Linden’s research team created
A2AAR bone marrow chimeric mice that they treated with a
highly specific agonist of the A2AAR. Their results indicate
that A2AAR activation on bone marrow-derived cells,
specifically T or B lymphocytes, is responsible for the infarct-
sparing and anti-inflammatory effects of ATL146e adminis-
tered at the time of reperfusion after coronary occlusion. These
studies were among the first to suggest that AR activation on
cells of the adaptive immune system dampens myocardial is-
chemia-reperfusion injury. These findings are in strong agree-
ment with a role of adenosine signaling as a safety signal.

In addition to the A1AR and A2AAR, other studies pro-
vided pharmacological and genetic evidence for the A2BAR in
cardio-protection by ischemia (25, 26). While the A2BAR is the
most adenosine-insensitive AR, there are two factors that may
allow the A2BAR to become functionally relevant during
myocardial ischemia. First, adenosine levels are dramatically
elevated during myocardial ischemia; therefore, the concen-
tration of extracellular adenosine can reach levels sufficient to
activate the A2BAR. Second, the A2BAR is transcriptionally
induced during myocardial ischemia, or ischemic pre-
conditioning via a transcriptional pathway involving cardiac
HIFs (25). Studies of in situ myocardial ischemia or ische-

mic preconditioning provide strong evidence for cardio-
protection via A2BAR signaling. In fact, treatment of wild-
type mice with an A2BAR selective AR agonist (BAY 60-6583)
is associated with an *50% reduction of myocardial infarct
size, but no change in infarct size in A2BAR - / - mice (26).

Taken together, several studies provide strong evidence
that during myocardial ischemia or ischemic preconditioning
of the heart, extracellular adenosine levels are elevated, and AR
activation dampens myocardial inflammation and tissue in-
jury. Moreover, other studies provide evidence for cardio-
protection from ischemia by attenuating adenosine uptake or
metabolism (17, 96). Together, these studies are consistent with
the concept of adenosine signaling serving as a danger signal to
dampen hypoxia-driven inflammation and tissue injury of the
heart after myocardial ischemia and reperfusion injury.

Hepatic ischemia reperfusion injury

Hepatic ischemia reperfusion injury plays an important
clinical role during liver transplantation and major liver re-
section. For instance, hepatic ischemia injury increases the
risk for early organ dysfunction and acute rejection after li-
ver transplantation, and novel therapeutic approaches to
dampen hepatic ischemia reperfusion injury are currently an
area of intense research. Similarly to studies in myocardial
ischemia reperfusion injury, there is now strong pharmaco-
logic and genetic evidence for a protective role of extracel-
lular adenosine production during hepatic ischemia
reperfusion injury (48, 52). Many of these findings are also
consistent with a role of extracellular adenosine generation
and signaling in intestinal ischemia-reperfusion injury (49,
50). A very elegant study from the laboratory of Joel Linden
investigated the role of AR signaling in intestinal ischemia-
reperfusion injury (71). Here, the team of Dr. Linden ob-
served that liver reperfusion injury is reduced by lympho-
cyte depletion or activation of A2AARs with the selective
agonist ATL146e (71). Specifically, this study found a sur-
prising role for adenosine-dependent inhibition of natural
killer T (NKT) cells, a sub-population of lymphocytes re-
presenting about 0.2% of peripheral blood T-cells. NKT cells
recognize the nonpolymorphic CD1d molecule, an antigen-
presenting molecule that binds self- and foreign lipids and
glycolipids. This study provides strong evidence that the
activation of NKT cells by a CD1d-dependent mechanism
plays a central role in initiating the inflammatory cascade
responsible for reperfusion injury in the liver and that these
cells are key targets of A2AAR agonist protection in hepatic
ischemia-reperfusion injury (28, 71).

Renal ischemia-reperfusion injury

Renal ischemia-reperfusion injury represents a major
source for morbidity and mortality in hospitalized patients.
In fact, renal ischemia-reperfusion injury is among the
leading causes of acute kidney injury (AKI). For example,
this can frequently occur in patients who are having major
surgeries, and particularly patients with pre-existing renal
disease will suffer greatly from an additional ischemic in-
jury. Moreover, pharmacologic approaches to protect the
kidneys from ischemia-reperfusion injury are very limited.
Similar to studies in myocardial or hepatic ischemia-
reperfusion injury, extracellular adenosine generation via
CD39 and CD73 has been implicated in kidney protection
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from ischemia (44, 45). Moreover, different ARs have been
investigated in kidney protection from ischemia. Studies
from the laboratory of H. Thomas Lee have provided strong
evidence for kidney protection from ischemia via activation
of renal A1ARs (61, 86). Genetic deletion of the A1AR
increased renal injury after ischemia-reperfusion injury,
suggesting that receptor activation is protective in vivo.
Recently, the team of Dr. Lee tested the hypothesis that
by expressing the human-A1AR in A1AR knockout mice,
ischemia reperfusion injury could be attenuated. Renal
ischemia-reperfusion was induced in knockout mice 2 days
after intrarenal injection of saline or a lentivirus encoding
enhanced green fluorescent protein human-A1AR. The
authors found that the latter procedure induced a robust
expression of the reporter protein in the kidneys of knockout
mice. Mice with kidney-specific human-A1AR reconstitution
had significantly lower plasma creatinine, tubular necrosis,
apoptosis, and tubular inflammation as evidenced by
decreased leukocyte infiltration, pro-inflammatory cytokine,
and intercellular adhesion molecule-1 expression in the
kidney after injury compared to mice injected with saline or
the control lentivirus (61). Other studies found kidney pro-
tection via the A2AAR expressed in inflammatory cells (15),
whereas a recent study indicated that vascular A2BARs
protect the kidneys from ischemia (43). In the later study, a
comparison of all four AR knockout mice during renal is-
chemic preconditioning pointed toward a selective role of
the A2BAR. Utilizing a previously described mouse model
that was generated by the laboratory of Katya Ravid, al-
lowing analysis of A2BAR expression in vivo (118, 119), the
authors found that the A2BAR is expressed mainly within
the vasculature of the renal architecture. Moreover, studies
in bone marrow chimeric mice pointed toward a contribu-
tion of radio-resistant A2BAR signaling to kidney protection
from ischemia (43).

Summary and Future Challenges

This review highlights the role of extracellular adenosine
production and signaling as a transcriptionally controlled
metabolic pathway in organ protection from ischemia. Based
on the fact that extracellular adenosine generation is dra-
matically enhanced under ischemic conditions, we propose
that adenosine serves as a safety signal during ischemia re-
perfusion injury, as well as other clinically relevant scenarios
involving acute tissue damage, by promoting tissue protec-
tion and dampening of inflammation. In the specialized lit-
erature, adenosine is occasionally referred to as a danger
signal, making it sometimes difficult to understand whether
its generation after tissue injury or ischemia will have a cy-
totoxic or cytoprotective effect. However, in the context of
acute tissue injury (such as ischemia, hypoxia, or acute in-
flammation), most evidence points toward a tissue protective
role of adenosine generation and signaling (1, 9, 24, 28, 34, 36,
42, 48, 50, 64, 82, 94, 100). Therefore, we feel that the term of a
safety rather than a danger signal seems more appropriate in
this context.

It is important to point out that the role of adenosine sig-
naling in more chronic models of injury could be quite dif-
ferent. For example, a series of very elegant studies from the
laboratory of Michael Blackburn point toward a pro-fibrotic
and detrimental role of adenosine generation and signaling in

chronic lung injury (3, 4, 109, 123). Moreover, other potentially
unwanted side effects of enhancing extracellular adenosine
signaling could include alterations in blood pressure, heart-
rate or sleep-awake cycle (120), fatty liver disease (87), or al-
terations in platelet function, thromboregulation, or bleeding
(38, 51, 89). As such, future studies will have to define the
exact time frame, dosing, and potential side effects of aden-
osine therapeutics. As such, we believe an important chal-
lenge for the future of the adenosine field will be to translate
some of the discussed experimental studies into a clinical
scenario, for example, with the goal to treat patients suffering
from ischemia-reperfusion injury, or to improve outcomes of
solid organ transplantation.
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Abbreviations Used

A1/A2A/A2B/A3¼ adenosine receptor
subtype 1/2A/2B/3

ADA¼ adenosine deaminase
ADP¼ adenosine diphosphate
AMP¼ adenosine monophosphate

AR¼ adenosine receptor
(A1AR, A2AAR, A2BAR, A3AR)

ATP¼ adenosine triphosphate
cAMP¼ cyclic AMP
CD39¼ ecto-apyrase, ENTPDase 1
CD73¼ 5¢-ecto-nucleotidase
ENT¼ equilibrative nucleoside transporter
HIF¼hypoxia-inducible factor

PMN¼polymorphonuclear leukocyte
(neutrophil)
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