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Adenosine has been considered as a potential immuno-
modulatory and neuroprotective agent for 30 years.
Inosine, a major degradation product of adenosine,
was thought originally to have no biological effects.
However, recent studies demonstrate that inosine has
potent immunomodulatory and neuroprotective effects.
Inosine enhances mast-cell degranulation, attenuates
the production of pro-inflammatory mediators by
macrophages, lymphocytes and neutrophils, and is pro-
tective in animal models of sepsis, ischemia-reperfu-
sion and autoimmunity. Inosine preserves the viability
of glial cells and neuronal cells during hypoxia, and
stimulates axonal regrowth after injury. The biological
actions of inosine might involve effects on adenosine
receptors, poly(ADP-ribose) polymerase and cellular
energy levels. In this article, we review recent obser-
vations indicating that it might be possible to exploit
inosine therapeutically for the treatment of tissue
damage caused by inflammation and ischemia.

Purine nucleosides, such as adenosine and its primary
metabolite inosine, are low-molecular-weight molecules
that participate in a wide variety of intracellular bio-
chemical processes and serve as monomeric precursors of
RNA and DNA. In addition, nucleosides have important
roles as extracellular signaling molecules. Although both
adenosine and inosine are present constitutively at low
levels in the extracellular space, metabolically stressful
conditions, such as those that occur during injury,
ischemia and inflammation, dramatically increase their
extracellular concentrations. It is clear that adenosine,
acting mostly at its receptors, is a powerful signaling
molecule that participates in the regulation of many
physiological and pathophysiological processes [1,2].
Extracellular adenosine and adenosine Ay, (purine)
receptors were identified recently as both anti-inflamma-
tory signals and sensors of excessive inflammatory tissue
damage [3]. Activation of A3 receptors has additional anti-
inflammatory effects [4—10]. Identification of specific
adenosine receptors as ‘natural brakes’ on inflammation
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provides a useful framework for understanding how
tissues regulate inflammation and how targeting this
endogenous anti-inflammatory pathway might modulate
inflammation [11,12].

Unlike adenosine, few physiological roles have been
ascribed to inosine, which was generally believed to be an
inactive breakdown product of adenosine that lacked
physiological actions. Only recently was it recognized
that inosine can also bind to adenosine receptors and
initiate intracellular signaling events [13-19]. In
addition, inosine can affect cell function via receptor-
independent pathways. Some of the modulatory actions of
extracellular adenosine are mediated by inosine following
a process that involves the intracellular uptake of
adenosine and conversion to inosine.

In this review, we discuss recent developments that
increase our understanding of the role of inosine in
regulating cell functions (Box 1). We give special emphasis
to the question of how inosine regulates the immune and
nervous systems because the most substantial new
findings involve these areas.

Inosine metabolism and release

Inosine is formed both intracellularly and extracellularly.
The two major routes for the intracellular formation of
inosine are shown in Figure 1. The deamination of
adenosine to inosine occurs mainly at high intracellular
concentrations of adenosine, which are associated with
hypoxia, ischemia and other forms of cellular stress [20].
When inosine reaches high concentrations inside the cell,
it is shunted into the extracellular space by bidirectional,
equilibrative, nucleoside transporters [21] (Figure 1).

Box 1. The multiple mechanisms of action of inosine

Interaction with adenosine receptors [13-19]

Enhancement of uric acid production [36,37,62,63]

Inhibition of poly(ADP-ribose) polymerase [64,65]
Neuroprotection by its breakdown product ribose 1-phosphate
[63]

e Upregulation of GAP-43 in neurons [56]
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Figure 1. Some of the major pathways of inosine metabolism. Inosine is formed
from adenosine in a reaction that is catalyzed by adenosine deaminase both intra-
cellularly and in extracellular spaces. Inosine monophosphate (IMP) is depho-
sphorylated to inosine by 5'-nucleotidase inside the cell and shunted into the
extracellular space through membrane nucleoside transporters. Inosine is
degraded intracellularly to hypoxanthine and ribose 1-phosphate by purine
nucleoside phosphorylase. Xanthine oxidase then catalyses the conversion of
hypoxanthine, first to xanthine and then to uric acid.

Consistent with the fact that inosine exerts its most
powerful regulatory actions in the immune system (see
below), adenosine deaminase expression is highest in
lymphoid tissues [22]. Similar to inosine, adenosine is
liberated from cells during metabolic stress via nucleoside
transporters [21].

The catabolic degradation of inosine to uric acid takes
place inside cells (Figure 1). Extracellular inosine and
adenosine access the intracellular space through both
equilibrative and concentrative nucleoside transporters,
and adenosine and inosine compete for these transporters
[21]. Thus, extracellular inosine can augment extracellu-
lar adenosine levels by preventing adenosine uptake and,
thus, generate indirect biological effects secondary to
adenosine binding to its receptors.

Inosine-sensitive, cell-surface receptors

It is increasingly clear that many of the cellular actions of
inosine occur through occupancy of G-protein-coupled
adenosine receptors. Four subtypes of adenosine receptor,
A1, Aop, Aop and As, have been identified [1,2], one or more
of which is expressed by the target cells of inosine in both
the immune system and the nervous system. Inosine is
reported to bind directly to A;, Ass and Az receptors
[13,15-18,23]. In general, inosine appears to be more
potent in eliciting biological effects via rodent than human
Asreceptors [13,15—18]. A recent study using Asa receptor
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knockout mice provides evidence that some of the
immunomodulatory effects of systematically injected
inosine are mediated by Ags receptors [19]. However, it
remains to be seen whether these systemic immunomo-
dulatory effects are the consequences of direct binding of
inosine to Asp receptors.

Little is known about the intracellular pathways
triggered by inosine binding to adenosine receptors.
Consistent with the ability of A; and Aj receptor
stimulation to activate Gy, proteins [1,2], occupancy of
either of these receptors with inosine has been shown to
prevent either isoproterenol-induced or forskolin-induced
accumulation of cAMP [13,18]. In addition, inosine has
been demonstrated recently to trigger the phosphorylation
of protein kinase B (also known as Akt) via an As-receptor-
mediated mechanism [17].

Immunomodulatory effects of inosine

Inosine augments mast-cell degranulation via the
engagement of Az receptors

The first evidence of the immunomodulatory effects of
inosine came with the observation that at concentrations
of 5—10 pM inosine stimulates mast-cell degranulation by
binding selectively to As receptors [13]. Subsequently, it
was reported that the inosine-induced enhancement of
mast-cell degranulation was lost in mice that lack As
receptors [15]. Potentiation by inosine of mast-cell
degranulation via Az receptors might explain the con-
troversial observation that adenosine both enhances and
decreases mast-cell degranulation [13]. According to the
concept outlined by Jin et al. [13], adenosine must be
converted to inosine to bind to Az receptors and facilitate
mast-cell degranulation, which might provide a potential
mechanism for the previously unexplained finding that
adenosine-enhanced mast-cell degranulation requires
adenosine deaminase [24]. Thus, the ratio of the local
concentrations of adenosine and inosine might determine
the outcome of the mast-cell response to adenosine because
inosine appears to bind A receptors preferentially in mast
cells and, thus, enhance mast-cell degranulation, whereas
adenosine also binds to Asa receptors, which decreases
mast-cell degranulation.

The adenosine:inosine concentration ratio also explains
why adenosine produces a complex, inconsistent, vascular
response and has both vasodilatory and vasoconstrictor
effects in some vascular preparations [25]. The vasodila-
tory effect of adenosine is likely to be secondary to the
occupancy of Ay receptors on smooth muscle cells, which
results in smooth muscle relaxation. By contrast, the
vasoconstrictive effect of adenosine probably involves
occupancy of Aj receptors by adenosine and inosine in
perivascular mast cells, with the concomitant release of
histamine causing indirect constriction of smooth muscle.

Inosine suppresses macrophage, lymphocyte and
neutrophil activation in vitro

In contrast to the pro-inflammatory effects on mast cells,
inosine is a powerful anti-inflammatory agent in macro-
phages and lymphocytesin vitro [14]. Inosine administration
to immunostimulated mouse peritoneal macrophages
reduces the production of several pro-inflammatory
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cytokines, including tumor necrosis factor a (TNF-a),
interleukin 1 (IL-1) and macrophage inflammatory protein
o (MIP-1a). The anti-inflammatory effect of inosine does
not require cellular uptake, which indicates the potential
role of a cell-surface receptor [14]. Furthermore, the
inhibitory effect of inosine on the production of pro-
inflammatory cytokines is post-transcriptional because
inosine fails to reduce steady-state concentrations of
mRNA of these cytokines. In addition, inosine attenuates
interferon vy (IFN-y)-induced expression of cell-surface
major histocompatibility complex II (Figure 2). Finally,
the anti-inflammatory effects of inosine are not confined
to macrophages because inosine attenuates IFN-y pro-
duction in cells from mouse spleen that are stimulated with
the specific lymphocyte stimulus anti-CD3 antibody [14].

The anti-inflammatory effects of inosine have been
confirmed in a follow-up study using human cells [26].
Inosine attenuated TNF-a production by immunostimu-
lated whole blood and blocked the generation of formyl-
Met-Leu-Phe-induced superoxide by neutrophils. One
important difference between mouse and human studies
is that inosine is ~ 10 times less potent at exerting its anti-
inflammatory effects in human cells. This difference in
potency is explained readily by species differences in the
expression and function of adenosine receptors, particu-
larly Az and Ay receptors [1,2].

Inosine counteracts the pro-inflammatory effects of
endotoxin in vivo

Endotoxin (also know as bacterial lipopolysaccharide), the
major pro-inflammatory component of the cell wall of
gram-negative bacteria, is central to many of the patho-
physiological events that characterize sepsis and septic
shock [27]. The pro-inflammatory effect of endotoxin can be
ascribed to its ability to stimulate Toll-like receptor 4 and,
thus, the production of inflammatory mediators from
macrophages [27]. In 2000, evidence was provided that
inosine blunts the macrophage-mediated inflammatory
response to endotoxin in vivo [14]. Intraperitoneal (systemic)
treatment of mice with inosine before injection of endotoxin
substantially ameliorated the pro-inflammatory cytokine
‘storm’ that is characteristic of endotoxin administration

in vivo. Systemic levels of the pro-inflammatory cytokines
TNF-q, IL-12, MIP-1a and IFN-y were reduced by inosine,
whereas there was an increase in the production of IL-10, a
major anti-inflammatory cytokine. Consistent with this
protective, anti-inflammatory cytokine profile, inosine
protects mice from the lethal effect of endotoxin [14].
The endotoxin-induced cytokine storm causes death by
injuring several organs, including the gut, liver, lung and
cardiovascular system [27]. A study by Garcia Soriano and
co-workers [28] revealed that inosine prevents gut and
lung injury, in addition to liver and vascular failure that
are secondary to systemic endotoxin administration in
mice. Furthermore, these same investigators confirmed
[29] that inosine also has local protective effects because it
downregulates the pro-inflammatory response and inhi-
bits the lung injury that results from tracheal instillation
of endotoxin to mice. As with systemic administration of
endotoxin, the local protective effect of inosine in the lung
is secondary to suppression of macrophage-mediated pro-
inflammatory cytokine production, including TNF-a, IL-1
and IL-6. In addition, in the lung, inosine reduces the
formation of nitric oxide and nitrosative stress [29], both of
which contribute to the acute injury after local instillation
of endotoxin.

The initial pharmacological analysis using adenosine
receptor antagonists indicated that the anti-inflammatory
effects of inosine might be mediated by adenosine
receptors [14]. A more recent study using Aga-receptor
and Ajs-receptor knockout mice demonstrated that the
protective effect of inosine on the endotoxin-induced
systemic inflammatory response requires both Aj,, and
Az receptors [19]. Inosine-mediated suppression of the
production of TNF-a following systemic administration of
endotoxin was reversed in Aga-receptor and As-receptor
double-knockout mice, but not Ass-receptor and As-
receptor single-knockout mice (Figure 3). Interestingly,
inosine protects mice from the systemic inflammatory
response induced by concanavalin-A, which is mediated
by T cells, natural killer cells, macrophages and neutro-
phils. However, in this experimental system, the Aj
receptor is responsible for the therapeutic effect of inosine.
Thus, although inosine has protective actions in several
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Figure 2. Inosine dose-dependently inhibits major histocompatibility complex (MHC) Il expression induced by interferon y (IFN-y) in peritoneal macrophages in vitro.
Thioglycollate-elicited peritoneal macrophages from BALB/c mice were plated on 12-well plates and treated with inosine in the presence or absence of IFN-y (0.5 ug ml™")
for 48 h. Cells were removed by scraping, and washed in phosphate-buffered saline. After washing, the cells were resuspended in phosphate-buffered saline containing
10% mouse serum and Fc block (rat anti-mouse CD16/CD32) to prevent nonspecific binding of FITC (fluorescein isotio-cyanate)-conjugated anti-I-A? antibody to Fc recep-
tors. Subsequently, cells were stained with an antibody (FITC-conjugated anti-I-A%) raised against the BALB/c mouse MHCII alloantigen. The cells were then analyzed with a
FACSCalibur flow cytometer. Values shown for each graph are mean fluorescence. (a) The scattergram depicts the distribution of cells based on forward scatter (size) and
side scatter (granularity). The circle represents gated macrophages used for the analysis. (b) Cells were stained with an isotype-control antibody. (¢) The purple peak
represents cells that were not treated with IFN-y (basal) whereas the green peak represents IFN-y-stimulated cells. (d) IFN-y-stimulated cells treated with 100 uM inosine.
(e) IFN-y-stimulated cells treated with 1000 .M inosine. This figure is representative of four separate experiments. Abbreviations: FL1-H, fluorescent intensity of FITC-

stained cells; FSC-H, forward scatter; SSC-H, side scatter.
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inflammatory states, the receptors that mediate these
salutary effects depend on the cell types and stimulus
involved.

Although endotoxemic models provide information
about the early inflammatory response that is encountered
in some forms of sepsis, results from these models neither
predict nor correlate with the majority of cases of clinical
sepsis and/or the development of multiple organ failure.
Most patients survive the initial hyperinflammatory
response that is a direct consequence of endotoxin from
bacteria. The subsequent development of infection, which
is secondary to an immunosuppressed state in the later
stages of sepsis, is the major cause of multiple organ
failure that kills many patients. One clinically relevant
model of sepsis-mediated multiple-organ failure is the
mouse cecal ligation and puncture model, which causes
bacterial peritonitis and generalized bacteremia [30].
Liaudet and co-workers [31] report that inosine also
protects in this model of sepsis. Inosine rescues mice
from the lethal effects of cecal ligation and puncture
and substantially ameliorates the course of multiple
organ failure.

Inosine attenuates the course of chronic autoimmune
(inflammatory) diseases

Macrophages have an important role in the induction of
tissue injury during autoimmune diseases [32]. Because
inosine has potent macrophage-deactivating effects, it is
not surprising that inosine protects against the develop-
ment of disease in several mouse models of autoimmune
disease. These include the multiple-low-dose streptozoto-
cin and non-obese diabetic mouse models [33], the dextran
sulfate sodium model of colitis [34], and collagen-induced
arthritis [35]. In line with the concept that inosine
prevents disease development in part, at least, by
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Figure 3. Inhibition of bacterial lipopolysaccharide (LPS; 10 mg kg™ ")-induced pro-
duction of systemic tumor necrosis factor a (TNF-a) by inosine: role of adenosine
Aoan and Az receptors. In wild-type, control animals, inosine administration
(100 mg kg™ ") inhibits LPS-induced TNF-a production by 70-80%. In A,a-receptor-
deficient animals, inhibition by inosine is not different from that observed in wild-
type animals. In Az-receptor-deficient animals, this inhibition decreases to ~55%
and in double-knockout mice that lack both A, and A3 receptors, inosine does not
inhibit TNF-a production. These data demonstrate the role of A, and As receptors
in the anti-inflammatory effects of inosine in vivo.
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suppressing macrophage activation, the production of
pro-inflammatory products by macrophages, including
TNF-a and MIP-1q, is reduced substantially following
inosine administration in all these disease states. One
possible exception is experimental allergic encephalomye-
litis, a rodent model of multiple sclerosis, in which inosine-
mediated protection does not appear to be associated with
a direct macrophage-deactivating effect [36]. Rather,
inosine suppresses clinical signs of this condition following
metabolism to uric acid. Uric acid has potent antioxidant
properties against peroxynitrite and other oxidant species
[37], all of which are important pathophysiological factors
that contribute to the clinical signs of experimental
allergic encephalomyelitis; thus, it is likely that the
therapeutic effects of inosine are mediated by the
antioxidant action of uric acid.

Effects of inosine in hypoxia, reperfusion and trauma
Inosine attenuates ischemia-reperfusion injury by
decreasing immune activation

Although the immune response to tissue injury has an
essential role in preserving tissue homeostasis, uncon-
trolled inflammation and immune activation can inflict
further damage on affected tissues. This is particularly
true for ischemia—reperfusion injury, where activation of
neutrophils, macrophages and other types of immune cells
is responsible for much of the tissue injury that follows the
initial insult. Inosine concentrations of up to ~6 wM have
been detected in human myocardial ischemia, and many
times higher concentrations are seen in experimental
models of ischemia—reperfusion injury [38—41]. At pre-
sent, it is unclear whether this endogenously produced
inosine is sufficient to exert tissue-protective effects.
Exogenous administration of larger doses of inosine are
reported to prevent ischemia-reperfusion injury in
several tissues, including the heart and brain [42-46],
although the reason for this effect was unclear until
recently. Similar to the endotoxin-induced inflammatory
response, inosine attenuates the production of macro-
phage-derived, pro-inflammatory cytokines, including
TNF-a, MIP-2 and IL-6, following ischemia—reperfusion
of skeletal muscle [47] and gut [48]. Suppression of the
inflammatory response is likely to contribute to the
protective action of inosine because neutralizing anti-
bodies to these cytokines provide similar protection
against skeletal muscle and gut injury [49,50].

Inosine preserves glial-cell and neuronal-cell viability
during hypoxia

It has long been known that adenosine has neuroprotec-
tive effects during cerebral ischemia [51]. However, under
some conditions, the neuroprotective effects of adenosine
cannot be explained by an action on adenosine receptors,
which raises the possibility of a mechanism related to the
intracellular metabolism of adenosine. Haun and col-
leagues reported [52] that inosine mediates the protective
effect of adenosine on cell viability in cultures of rat
astrocytes subjected to deprivation of glucose and oxygen.
They came to this conclusion following the observation
that erythro-9-(2-hydroxy-3-nonyl)adenine hydrochloride,
which inhibits adenosine deaminase, reverses the
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protective effect of adenosine. Furthermore, adenosine is
rapidly metabolized to inosine, and inosine mimics the
protective effect of adenosine. Subsequent studies demon-
strating that an inhibitor of purine nucleoside phosphoryl-
ase abolishes the protective effect of inosine on the viability
of glial cells [53] provide further mechanistic insight.
Because hypoxanthine does not have the protective effect
of inosine, it is possible that ribose 1-phosphate, the other
degradation product of inosine (Figure 1), is responsible
for the prevention of glial-cell death by inosine. In fact,
when iodoacetate, an inhibitor of glyceraldehyde-3-phos-
phate dehydrogenase is added to the cells, the protective
effect of inosine is lost. Because glyceraldehyde-3-phos-
phate dehydrogenase is part of the glycolytic pathway
downstream of the entry of ribose, it is possible that the
ribose 1-phosphate moiety of inosine protects against the
consequences of glucose and oxygen deprivation by
providing the ATP necessary to maintain plasmalemmal
integrity. In a separate line of investigation, Litsky and
colleagues [54] demonstrated that administration of
inosine has a similar protective effect against glucose
and oxygen deprivation in neurons.

Inosine stimulates axon regrowth after injury

Normally, neurons in the mature CNS cannot regenerate
injured axons. However, altering the extracellular
environment allows many neurons that otherwise show
no potential for growth to extend injured axons over long
distances. It is well known that several polypeptide factors
secreted by glial cells, including nerve growth factor
(NGF), ciliary neurotrophic factor and axogenesis factor,
promote axon regeneration following injury. Studies from
Benowitz and co-workers [55] have identified inosine as a
small-molecule factor that fosters axonal regrowth in the
CNS. These investigators demonstrated that inosine
triggers axonal outgrowth from retinal ganglion cells of
goldfish [55]. The axonal outgrowth stimulated by inosine
is associated with a characteristic pattern of molecular
changes, most notably upregulation of GAP-43, a protein
that is associated with the submembrane cytoskeleton and
is a crucial regulator of axonal regrowth [56]. The primary
intracellular target responsible for the changes in gene
expression after inosine treatment is a 47—50 kDa serine—
threonine kinase (N-kinase) that is normally activated in
minutes of treating cells with NGF. These findings in vitro
have been extended to demonstrate that inosine stimu-
lates axonal regrowth in vivo, after corticospinal tract
injury [57] and stroke [58].

Concluding remarks and future prospects

Inosine is a safe, naturally occurring purine that appears
to be non-toxic to humans, even when ingested at doses as
high as 10 g kg~ ! day !; in fact, inosine is widely available
as a nutritional supplement in health food stores [59—61].
Inosine has been used sporadically in clinical practice for
various cardiovascular disorders, including some ischemic
events [42]. Furthermore, inosine has been used recently
in small patient populations for the therapy of multiple
sclerosis [62]. With an increasing body of preclinical
evidence to show that inosine is effective in several
ischemic and inflammatory diseases, it might be
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worthwhile to re-evaluate the therapeutic potential of
inosine in ischemic, autoimmune and inflammatory
diseases.
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