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Abstract
The purine nucleoside adenosine is clinically employed in the treatment of supraventricular
tachycardia. In addition, it has direct coronary vasodilatory effects, and may influence platelet
aggregation. Experimental observations mechanistically link extracellular adenosine to cellular
adaptation to hypoxia. Adenosine generation has been implicated in several pathophysiologic
processes including angiogenesis, tumor defenses, and neurodegeneration. In solid organ
transplantation, prolonged tissue ischemia and subsequent reperfusion injury may lead to profound
graft dysfunction. Importantly, conditions of limited oxygen availability are associated with
increased production of extracellular adenosine and subsequent tissue protection. Within the
rapidly expanding field of adenosine biology, several enzymatic steps in adenosine production
have been characterized and multiple receptor subtypes have been identified. In this review, we
briefly examine the biologic steps involved in adenosine generation, and chronicle the current
state of adenosine signaling in hepatic ischemia and reperfusion injury.
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The first report describing adenosine signaling was published by Drury and Szent-Gyoergyi
in 1929 (1). With the initial observation that intravenous adenosine causes rapid heart block,
it is clinically employed in the treatment of supraventricular tachycardia (2). Biochemically,
adenosine belongs to the molecular group of nucleosides composed of an adenine group
attached to a ribose sugar. In addition to it's direct effects on heart conduction, there are
clinical data to support a potent coronary vasodilatory effect (3) as well as inhibition of
platelet aggregation (4).

As experimental experience is gained, numerous investigators suggest adenosine may
possess multiple biologic functions in various tissues and cell types (5). Preclinical
observations implicate adenosine as a key player in adaptation to hypoxia and leukocyte
accumulation at the site of tissue injury. For example, signaling through various receptor
subtypes may result in either enhanced or attenuated neutrophil adhesion to the vascular
endothelium (6). In the setting of hypoxia, extracellular adenosine production attenuated
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neutrophil accumulation resulting in a potent anti-inflammatory signal. Conversely, selective
adenosine receptor blockade enhanced pulmonary inflammation, edema, and attenuated gas
exchange (7).

While several molecules involved in adenosine production have been recently characterized,
and multiple receptor subtypes identified, the field of adenosine biology has rapidly
expanded over the past decade. Herein, we briefly examine the basic biology of extracellular
adenosine production, and chronicle the current role of adenosine signaling in hepatic
ischemia and reperfusion injury.

Extracellular adenosine generation and signaling
The enzymatic production of adenosine, from precursor molecules 5-adenosine triphosphate
(ATP) and 5-adenosine di- and monophosphate (ADP, AMP), has recently been the focus of
intense investigation. At baseline, intracellular concentrations of ATP are very high
(5-8mM). Following cell death significant release into the pericellular space occurs. In
addition, ATP and ADP are also delivered into the extracellular space from activated
platelets by granular release or from inflammatory cells after activation (8). ATP and ADP
are converted to AMP by ectoapyrase (CD39) expressed on the cell surface (Figure 1). This
is a key step in the extracellular breakdown of ATP/ADP, both of which are central
signaling molecules in thrombosis and inflammation (9). Consistent with this, gene-targeted
mice for CD39 demonstrate increased susceptibility to ischemic injury in cardiac, renal, and
hepatic ischemia (10-13), whereas overexpression confers protection observed in both warm
and cold ischemic injury (14-16).

The final enzymatic step in adenosine production is catalyzed by 5-ecto-nucleotidase
(CD73) which rapidly converts extracellular AMP to adenosine. This step is critical and
appears to directly influence tissue injury. Reduced adenosine levels generally confer a
proinflammatory state. Inhibition or genetic deletion of CD73 results in elevated AMP and
reduced adenosine levels which may attenuate tissue injury (17, 18). For example, CD73
may have a critical role in intestinal barrier function during ambient hypoxia (19). In the
setting of acute lung injury, both pharmacologic inhibition and targeted genetic deletion of
cd73 resulted in worsening symptom severity (10). Reconstitution of either cd39 or cd73
null mice, with soluble apyrase or 5-nucleotidase, reversed the severity of ventilator-
associated lung injury. Similar findings have been reported in cardiac and renal ischemia
models (20, 21).

Adenosine can signal through four G-protein-coupled receptors, the ADORA1, ADORA2A,
ADORA2B, and ADORA3. The ADORA1 and ADORA3 are coupled to the Gi subunit and
thereby cause an inhibition of the cAMP pathway whereas the ADORA2A and ADORA2B
are coupled to the Gs and Gq (22). Gs signaling activates protein kinase A, resulting in
elevated cAMP. Gq activates protein kinase C, which also elevates cAMP. As these two
pathways are often activated simultaneously, the end result is an elevation in intracellular
calcium (23). The ADORA2B receptor has also been shown the activate mitogen activated
protein kinase. However, the specific mechanisms are poorly understood. The ADORA1,
ADORA2A, and ADORA3 are high-affinity receptors, and are activated by low
concentrations (10nM - 1μM) of adenosine which are present under physiological
conditions. In contrast, the ADORA2B is a low-affinity receptor, requiring higher
concentrations of adenosine (10μM) for receptor activation (24). These levels of adenosine
are typically seen in pathologic disturbances, such as during periods of hypoxia, ischemia,
and other cellular distress (25). Extracellular adenosine has a very short half-life in the
extracellular space mainly due to its rapid uptake into the intracellular space by nucleoside

Zimmerman et al. Page 2

Am J Transplant. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transporters (26, 27). Within the cell it is rapidly metabolized into inosine by adenosine
deaminase or into AMP by adenosine kinase (28).

Of the four receptors identified, ADORA2B expression is induced during hypoxia. Over the
past several years, studies using both pharmacologic (agonist/antagonist) approaches and/or
genetic deletion, suggest a protective role of extracellular adenosine signaling via the
ADORA2B receptor in several pathologic conditions. For example, in a murine model of
experimental colitis the intestinal epithelia predominantly expressed the ADORA2B
receptor (29). Furthermore, the severity of disease was increased in adora2b receptor
deficient mice in the form of weight loss, colonic shortening, and disease activity indices.
These findings may be linked to subsequent expression of anti-inflammatory markers
including interleukin-10. Grenz and colleagues used gene-targeted mice to confirm a
protective effect of ADORA2B signaling in renal ischemia. Following short intervals of
ischemic preconditioning, 45 minutes of sustained arterial ischemia was performed. They
documented a protective effect in mice deficient for each adenosine receptor subtype except
the adora2b null mouse. Similarly, an ADORA2B antagonist blocked renal protection, while
an agonist dramatically improved renal function and histologic injury (30). The authors’
suggest these observations have far reaching implications for renal preservation in the
setting of solid organ transplantation.

Hypoxia and hepatic inflammation
With rare exception, hepatic inflammation following ischemia and reperfusion occurs in a
sterile environment (31). This sterile response includes activation of both innate and
adaptive responses. In 1997, Zwacka and colleagues made a simple but important
observation demonstrating that T lymphocytes rapidly accumulated in the liver following
ischemia and subsequent reperfusion which preceded the innate response (32). Confirmed
by other investigators, these effects are likely induced by specific cytokine and chemokine
expression (33). These early events lead to a disproportionate immune response that
ultimately compromises organ function (34).

Depending on the relative expression pattern of adenosine receptors on different cell and
tissue types, activation and signaling results in different biologic functions (35). Preclinical
data suggest adenosine has a profound anti-inflammatory effect via ADORA2A signaling,
mitigating T cell activation and proliferation (36). Furthermore, activation of macrophages,
monocytes, platelets, and neutrophils is also attenuated by ADORA2A signaling (36, 37). In
2005, Day et. al. demonstrated that signaling via the ADORA2A receptor (i.e. – selective
agonists, anatagonists, and gene deletion) dramatically reduced post-perfusion injury in the
mouse liver. Subsequent work documents a definitive reduction in biochemical indices and
histologic pathology using selective ADORA2A agonist (38).

Lappas and colleagues provided an alternate hypothesis to the rationale that hepatic
ischemic injury is mediated by CD4+ T cells exclusively, yet found a similar link to
ADORA2A activation (39). Interestingly, the rapidity of hepatic reperfusion injury was not
consistent with the time frame required for activation of CD4+ T cell responses. In a very
logical set of experiments they implicate a CD4+ T cell subset, the natural killer cell (NKT),
in rapid parenchymal injury. Following exactly 72 minutes of total hepatic ischemia (via
microclip portal occlusion) and 2 hours of reperfusion, they observed significant NKT
expression of IFN-γ. Additionally, reduced reperfusion injury observed in RAG-1 knockout
mice was restored to normal wild type levels following adoptive transfer of wild type NKT
cells. The authors’ suggest that NKT activation is inhibited by ADORA2A receptor
activation and conclude that reperfusion injury occurs as result of NKT-dependent IFN-γ
expression resulting in cytokine expression from other cells in the liver.
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NKT cells make up as much as 30% of total lymphocyte population in the mouse liver and
are considered a central component of the innate immune response (40). This immune
compartment can be rapidly activated with a marked upregulation of numerous
proinflammatory cytokines and chemokines. Coa and colleagues at the University of
Pittsburgh selectively activated NKT cells prior to hepatic ischemia as a cell-based form of
preconditioning (41). Activation one hour prior to the ischemic insult significantly reduced
subsequent neutrophil accumulation and tissue injury. The authors’ suggest these
observations may be linked to both interleukin-13 and ADORA2A receptor-dependent
mechanisms. NKT-induced protection was reversed by administration of an IL-13
neutralizing antibody as well as specific blockade of ADORA2A receptor. While other
investigators implicate the NKT cell as a predominant mediator in post-perfusion liver
injury, Coa suggests that early NKT activation may actually contribute to tissue protection
via an ADORA2A-dependent pathway.

Until recently, the role of NKT cells following cold ischemia was not clear. A recent study
by Pommey and colleagues provides a counter argument to the role of NKT cells in post-
ischemic hepatic injury (42). Murine liver transplants were performed between donor mice
overexpressing CD39 and wild type recipients. Following 18 hours of cold preservation,
serum levels of alanine aminotransferase and interleukin-6 were lower at 6 hours post-
transplant in the recipients transplanted with livers overexpressing CD39. Furthermore, pre-
transplant depletion of CD4+ T cells in the donor, not deficiency of NKT cells, protected
liver grafts from early reperfusion injury. The authors’ concluded that reduction in the
number of resident CD4+ T cells in the donor, secondary to CD39 overexpression or
pharmacologic depletion, resulted in significant protection associated with prolonged cold
storage. This study suggests that the immune response may differ in the setting of prolonged
cold ischemia and subsequent organ transplant versus warm local ischemia. In this model,
conventional CD4+ T cell may be the “prime orchestrators” of early hepatic injury (39).

Hepatic conversion of adenosine and ADORA2B signaling
The principle cause of initial allograft dysfunction in solid organ transplantation is due to
prolonged ischemia and subsequent reperfusion Unfortunately, restriction of blood flow,
followed by restoration of perfusion results in tissue damage with extensive alteration in
cellular function. The specific pathological processes involved include endothelial cell
dysfunction (43), activation of cell-death programs (i.e. – apoptosis, autophagy, and
necrosis), and alterations in transcriptional control of gene expression (31). These cellular
changes result in a delay in graft function and may predispose liver recipients to both early
and late graft loss. While long-term outcomes in liver transplant have dramatically improved
over the last four decades, there is an intense scientific effort underway to enhance early
graft dysfunction (44). As the donor pool is expanded in the form of extended criteria organs
and living donation, therapeutic approaches targeting ischemia/reperfusion injury become
increasingly more important.

Conditions of limited oxygen availability – such as hepatic ischemia – are associated with
increased production of adenosine from precursor nucleotides (45). Hepatic ischemia is
associated with the transcriptional induction of the ecto-apyrase (CD39) (19). Cd39−/− mice
are more prone to hepatic ischemia and reperfusion, while CD39 is also critical for liver
regeneration (46). Additional observations suggest that ischemic preconditioning of the
mouse liver resulted in a significant increase in CD39 expression and improved outcomes
following ischemia and reperfusion (13). Interestingly, targeted therapy with small
interfering RNA for the transcription factor Sp1 attenuated CD39 expression and increased
post-ischemic liver injury. CD39 disruption also resulted in impaired liver regeneration,
increased vascular injury, and decreased survival (46). Following partial hepatectomy, mice
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chimeric with cd39 null bone marrow demonstrated impaired hematopoietic stem cell
mobilization (47). Stem cell mobilization directly correlated with restoration of liver volume
and function. Importantly, hematopoietic stem cells expressing CD39 were also mobilized in
humans following major liver resection, and may be linked to regeneration. Overall, CD39
may instrumental in post-ischemic liver protection, and promoting regeneration, via local
and systemic anti-inflammatory effects.

As CD39 continues to emerge as a potential therapeutic target in liver injury, less is known
about the specific role of CD73 in protection from hepatocellular injury. Previous studies
have shown adenosine production to have a protective role in liver ischemia. Following
intervals of ischemic preconditioning, tissue levels of adenosine significantly increase and
may directly influence to hepatocelluar function (48). Furthermore, preconditioning prior to
a prolonged ischemic insult leads to several important changes in signaling. While
preconditioning is associated with induction of CD73 expression, gene deletion or
pharmacologic inhibition of CD73 worsened hepatic injury (18). Secondly, ischemic
preconditioning resulted in increases in extracellular adenosine which was abolished in cd73
null mice. Finally, administration of soluble 5’-nucleotidase completely restored ischemic
preconditioning-driven hepatic protection. Therefore, targeting CD73 activity, via 5”-
nucleotidase-mediated increases in adenosine, may be a viable

At present, there are emerging data to suggest that the ADORA2B receptor plays a
significant role in tissue protection during hypoxia and inflammation in several animal
models (30, 49). However, characterization of adenosine signaling specifically in the setting
of hepatic ischemia and reperfusion injury is in the early phases. Chouker and colleagues
recently observed that the protective effects achieved by hypoxic preconditioning in the
murine liver were negated when the ADORA2B is nonfunctional. Following brief exposure
to hypoxia, mice underwent 45 minutes of left lobe liver ischemia followed by 4 hours of
reperfusion. Biochemical indices, inflammatory markers, and histologic injury were used as
quantitative endpoints. While hypoxic-preconditioning was protective in general, this effect
was blunted in mice with adora2b gene deletions as well as those pre-treated with an
ADORA2B antagonist. The authors’ suggest that the ADORA2B signaling pathway may be
critical in the prevention of warm local ischemia and reperfusion injury (50). Currently, the
role of the adenosine-ADORA2B signaling pathway following cold ischemic injury is
unknown.

Implications and future directions
Cumulatively, extracellular adenosine production appears to have a global anti-
inflammatory influence in the setting of hypoxia and inflammation. However, adenosine-
mediated effects in the post-ischemic liver are not well characterized. While the ADORA2A
receptor may be an important signaling mediator directing post-perfusion immune
responses, the role of the ADORA2B receptor in the liver continues to be defined.
Promising observations by several investigators suggest that signaling via the ADORA2B
receptor is protective during limited oxygen availability. The ADORA2B receptor may
represent a potential therapeutic target in hypoxia as baseline expression is generally low
with significant elevation in the setting of inflammation (23). However, the transition from
mice to human patients will require defining clinically significant side effects of
pharmacologic agents that take advantage of adenosine signaling. In solid organ
transplantation, the potential advantage of manipulating the adenosine-ADORA signaling
pathways may provide a viable therapeutic strategy to reduce immune-mediated reperfusion
injury and possibly influence hepatocellular function directly. Finally, the biology of
adenosine generation, transport, and signaling in warm and cold ischemia require further
study.
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Figure 1. Extracellular adenosine signaling
Extracellular adenosine is generated from enzymatic conversion of the precursor nucleotides
ATP and ADP to AMP through the enzymatic activity of the ectonucleoside triphosphate
diphosphohydrolase 1 (CD39) and the subsequent conversion of AMP to adenosine through
ecto-5′-nucleotidase (CD73). Extracellular adenosine can signal through four distinct
adenosine receptors: ADORA1 (A1), ADORA2A (A2A), ADORA2B (A2B), and ADORA3
(A3). Adapted from the New England Journal of Medicine with permission.
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