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Whole body exposure of wild type control littermates and A2A adenosine receptor (A2AR) yene deleted mice to low oxyyen
containiny inspired yas mixture allowed the investigation of the mechanism that controls inflammatory liver damaye and pro-
tects the liver using a mouse model of T cell-mediated viral and autoimmune hepatitis. We tested the hypothesis that the inflam-
matory tissue damage-associated hypoxia and extracellular adenosine - A2AR signaling plays an important role in the physio-
logical anfi-inflasnmatory mechanism that limits liver domage during fulminant hepatitis. After induction of T cell-mediated
hepatitis, mice were kept in modular chambers either under normoxic (21% oxygen) or hypoxic (10% oxygen) conditions for 8 h.
It was shown that the whole body exposure to hypoxic atmosphere caused tissue hypoxia in healthy animals as evidenced by a
decrease in the arterial blood oxyyen tension and increase of the plasma adenosine concentration (P < 0.05). This “hypoxic”
treatment resulted in significantly reduced hepatocellular damayge and aftenuated levels of serum cytokines in mice with acute
liver inflamsnmation. The anti-inflammatory effects of hypoxia were not observed in the albsence of A2AR in studies of A2AR gyene-
deficient mice or when A2AR have been pharmacoloyically antagonized with synthetic antagonist. The presented data dem-
onstrate that total body hypoxia-triggered pathway provides protection in acute hepatitis and that hypoxia (upstream) and
A2AR (downstream) function in the same immunosuppressive and liver tissue-protecting pathway.
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INTRODUCTION

Acute or chronic hepatitis due to viral
infections or autoimmune hepatitis af-
fects millions of patients and results in
high long-term morbidity (1-4). It is be-
lieved that acute or chronic hepatitis in
large degree both are caused by the over-
active immune cells, rather than by the
hepatitis virus itself. Indeed, for exam-
ple, hepatitis B virus-specific T cell re-
sponses contribute not only to viral
clearance and clinical recovery, but also
to immune-mediated acute and chronic

necro-inflammatory liver disease (5,6).
Hence, the most prominent mechanism
of liver injury in viral hepatitis seems to
be CD8' T cell-mediated, although non-
virus-specific T cells also may be re-
cruited to the liver and further aggravate
the liver damage without contributing to
virus control. In addition to T cells, neu-
trophilic granulocytes, mononuclear
cells, and platelets accumulate in the
liver area and can aggravate injury fur-
ther. In autoimmune hepatitis, liver dis-
ease is triggered by yet to be identified
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antigens. The mechanism of autoimmu-
nity appears to be similar to viral hepati-
tis i.e. acting through non-specific T cells
which aggravate and enhance liver in-
jury (reviewed in 7;8). It is important to
uncover the mechanisms that regulate
immune responses in the liver and that
protect liver tissues from excessive collat-
eral damage. Here, we focused on stud-
ies of the relationship between tissue
hypoxia and the extracellular adenosine-
mediated immunosuppression (9-11). It
was suggested that the extracellular
adenosine levels in the inflamed area
was sufficiently high to trigger signaling
by A2A and/or A2B adenosine receptors
(A2AR and A2BR) and to suppress im-
mune attack by surrounding cells, in-
cluding activated T cells. This chain of
events culminates in inhibition of overac-
tive immune cells in a delayed negative
feedback blockade due to the well-



established immunosuppression by A2
adenosine receptors (11).

To date, four different and widely
distributed adenosine receptors have
been described: A1, A2A, A2B, and A3
(11). The high affinity Al receptor and
low affinity A3 receptor are Gi protein-
coupled. The cAMP-elevating Gs
protein-coupled A2 receptors are sub-
divided into high affinity A2AR and
low affinity A2BR. Adenosine receptors
are known to be immunosuppressive
(11-14). CD8" T cells, including anti-
tumor CD8" T cells and human T cells,
predominantly express A2AR and
A2BR but not A3 receptors. The cAMP-
elevating signaling through A2AR or
A2BR in T cells results in inhibition of
T cell receptor-triggered activation of
T cells and of many effector functions
including proliferation, expansion, and
secretion by T cells of cytokines such as
IFN-y and TNF-a (11,15).

We examined a tissue-protective ef-
fect of hypoxia via A2AR in a well-
documented model of autoimmune and
viral hepatitis which is triggered by i.v.
injection of concanavalin A (Con A).
Con A-induced liver injury has been
studied extensively as an immunological
model of acute hepatitis. Initially, it was
described as a T cell-dependent liver in-
jury model because the liver damage
could not be induced in scid and nude
mice (16). It was followed by the find-
ings of proinflammatory cytokines (IFN-y
and TNF-a) and Kupffer cells as essential
components of Con A-induced hepatitis
(17-22). In addition to T cells, NKT cells
also were found to be indispensable and
IL-4 produced from NKT cells plays an
important role in the induction of liver
damage (23,24). We previously reported
that A2AR regulates Con A-induced in-
flammatory responses in the liver as
shown by exacerbation of liver damage
in A2AR-deficient mice (25).

Here we utilized whole body expo-
sure of mice to 10% oxygen containing
inspired gas mixtures, which can pre-
dictably decrease local tissue oxygen
tension, and demonstrate the hypoxia-
driven immunosuppressive and liver

tissue-protecting mechanism. Subse-
quent experiments using an A2AR an-
tagonist and A2AR-deficient mice
showed an important role of A2AR in
the mechanism of hypoxia-driven he-
patoprotection. It is concluded that

this hypoxia = A2AR mediated anti-
inflammatory pathway is non-redundant
in liver tissue protection.

MATERIALS AND METHODS

Animails

Animal experiments were conducted
in accordance to the “U.S. Government
Principles For The Utilization And Care
Of Vertebrate Animals Used in Testing,
Research And Training” (http://oacu.od.
nih.gov/regs/USGovtPrncpl.htm) and
have been approved by the National In-
stitutes of Health (NIH) Animal Care
and Use Committee. Mice were main-
tained under specific pathogen-free con-
ditions at the NIH animal care facilities.
All mice used were on a C57BL/6 ge-
netic background. The A2AR™~ mice
were backcrossed at least ten times and
all phenotypic comparisons were con-
ducted by comparing A2AR”~ and their
A2AR"* littermates. The breeding
strategy was based on homozygous
inter-breeding and all mice used in the
experiments presented were nine- to
twelve-week-old age-matched females.
Hepatitis was induced by the tail vein i.v.
injection of Con A (11.5 mg/kg; Sigma
Chemicals, St. Louis, MO, USA); sham
animals received vehicle only.

Pre-Treatment by A2-Receptor
Antagonist

Adenosine A2 receptor antagonist
ZM241385 (Tocris Cookson, Ballwin,
MO, USA) was injected subcutaneously
at a dose of 10 mg/kg body weight 1.5 h
prior and again 1.5 h after Con A injec-
tion. Control animals received the same
volume of the vehicle solution only. In
these pharmacological studies with
ZM?241385, we have confirmed that the
initial in vivo levels of ZM241385 in
serum are sufficiently high to antagonize
the adenosine A2 receptor-induced
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cAMP accumulation in immune cells
(data not shown).

Blood Analyses

Blood samples were collected from the
retro-orbital vein to determine serum ac-
tivities of alanine transaminase (ALT),
aspartate aminotransferase (AST), and
lactate dehydrogenase (LDH), as well as
the concentrations of IL-4, IFN-y, and
TNF-o. The choice of time points was
based on results of preliminary and
published experiments (25). Serum
chemistries were performed with an au-
tomated analyzer (Synchron LX20 Clini-
cal System, Beckman Coulter, Brea, CA,
USA) and cytokines were quantified by
ELISA according to the manufacturer’s
instructions (R&D systems, Minneapolis,
MN, USA). Lactate concentrations also
were determined by photometry accord-
ing to the manufacturer’s instruction
(Biomedical Research Service Center,
University at Buffalo, Buffalo, NY, USA).

Control of Fraction of Inspired Oxygen
(Oxygenation) and Partial Arterial
OxygenPressure (Art pO,)

After Con A or sham injections, mice
were placed in air-tight modular incuba-
tion chambers (Billups-Rothenberg, San
Diego, CA, USA) and atmosphere was
controlled by a constant gas flow
(1.5 L/min) having 21% or 10% O,. In
representative experiments, arterial blood
was drawn from the carotid artery of
anesthetized mice breathing either 10% or
21% oxygen at a flow rate of 1.5 L/min.
Blood was sampled immediately into he-
parinized glass capillaries for analysis of
blood oxygen pressure (Rapidlab 248;
Chiron Diagnostics, Essex, UK).

Plasma Concentrations of Purines
Arterial blood samples were drawn

from the carotid in mice breathing 10%
oxygen or 21% oxygen atmosphere for
1.5 h. Due to a short half life of adeno-
sine, the syringes were pre-filled with ice-
cold physiological saline containing
dipyridamole 2 x 10 M, EHNA (erythro-
9-(2-hydroxy-3-nonyl)adenine) 2 x 10° M,
EDTA-Na 2 x 10° M, EGTA2 x 102 M,
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and DL-a-glycerophosphate 2 x 107 M to
prevent degradation or additional forma-
tion of plasma adenosine by inhibition of
ecto-nucleotidases and non-specific phos-
phatases. The samples were processed
and plasma concentrations of adenosine
and inosine determined by high-perform-
ance liquid chromatography (HPLC) as
described previously (26,27).

Statistics

Data were evaluated for statistical sig-
nificance by ANOVA (two-way) for the
detection of intra- and intergroup differ-
ences and by t-test for comparisons of
only two different conditions, respec-
tively. Data are presented as mean values
+ standard error of the mean (SEM) with
a level of significance being less than
0.05. Statistically significant differences
between survival rates were evaluated
by Chi-square testing with a level of sig-
nificance below 0.05. All statistical analy-
ses were performed by SPSS 10.0 pro-
gram (SPSS Inc., Chicago, IL, USA).

RESULTS

The Role of A2AR in Con A-Induced
Liver Inflammation

Treatment of C57BL/6 wild type mice
with Con A (11.5 mg/kg) resulted in the
induction of strong liver damage as is re-
flected by elevated levels of alanine
aminotransferase (ALT), aspartate
aminotransferase (AST), and lactate de-
hydrogenase (LDH). These increases
have been dependent as a function of
time after injection of Con A (data not
shown) having reached peak values at 8
h after injection of Con A. This time
point (8 h) after induction of liver-
localized and T cell-triggered immune
response has been selected for subse-
quent experiments and liver damage (i.e.
ALT/AST/LDH measurements).

It was found that Con A-induced lev-
els of ALT, AST, as well as LDH were sig-
nificantly higher in animals that were
pre-treated by the adenosine A2 receptor
antagonist ZM241385 (Figure 1). There
was also an increase of the lactate con-
centration, which was significant as com-

Figure 1. Effects of Con A injection on serum liver enzyme activities in the absence and
presence of A2 receptor antagonist ZM241385. Serum activities (1.U.) of alanine amino-
fransferase (ALT, Figure 1A), aspartate aminotransferase (AST, Figure 1B), and lactate de-
hydrogenase (LDH, Figure 1C) were determined 8 h after Con A (11.5 myg/ky i.v.) in the
presence and absence of ZM241385 (10 my/ky s.c. x 2). Sham treated animals had low
and physiological liver enzyme activities (1.U.): Con A Sham: ALT 100 = 10, AST 110 = 10,
LDH 150 = 60; ZM241385 Sham: ALT 110 = 15, AST 100 = 10, LDH 160 = 50 (Means = SEM, n =
4 per ygroup, paired f-test; + P < 0.05, * P< 0.01).

pared with the Con A-injected mice
without ZM241385 (Table 1). IFN-y con-
centrations increased significantly from
undetectable low values determined
prior to Con A induction/or sham
treated mice (data not shown) to mean
values of more than 1100 or 1200 pg/mL,
in the absence and presence of ZM241385,
respectively (Table 2).

Effects of Hypoxia on Arterial Oxygen
Tension and Plasma Purines

Breathing of an hypoxic gas mixture
with a preset concentration of 10% oxy-
gen and 90% nitrogen resulted in a re-
duction of the arterial oxygen tension
(pa0O,) to mean values of approximately
50 mmHg in spontaneously breathing
mice. In contrast, breathing of normal
compressed air (21% oxygen) increased
paO, to normal values of > 75 mmHg
after 1.5 h (Table 3). An inverse relation
was observed for plasma concentrations
of adenosine which were significantly
higher (P < 0.05) during hypoxia as com-
pared with normal oxygen concentra-
tion. This was also observed for the di-
rect metabolite of adenosine, for
example, inosine, which was also ele-
vated by hypoxia in both vehicle and
Con A-treated groups to a comparable
degree (Table 3).
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Table 1. Serum Concentrations of Lactate
(mmol/L) affer Vehicle or Con A Injection:
Effects of Hypoxia and Antagonism at the
A2AR site

Lactate
(mmol/L) N
21% O,
Vehicle 2.32 +0.31 5
Con A 4.90 = 0.29 7
Con A+ZM 6.11+0.45 7
10% O,
Vehicle 3.75+0.80 7
Con A 3.67 +0.28 11
Con A+7ZM 4.87 =0.48 11

“Serum lactate was determined either
from vehicle treated or Con A freated mice
subjected to either normo-oxygenated or
hypoxic conditions for 8 h after vehicle

or Con A injection, respectively. In Con A
tfreated mice, the absence and presence
of the A2 receptor antagonist ZM241385
on inflammation and liver damage
dependent serum lactate concentrations
was fested (Means + SEM, level of signifi-
cance P < 0.05: Vehicle 21% (n = 5) versus
ConA21% (n=7); Con A21 % (n=14)
versus Con A 10% (n=22); Con A (n=18)
versus Con A + ZM (n=18); ANOVA, n=
number of cases per comparison yroup).



Table 2. Concentrations of IFN-y (py/mL) after Con A Injection: Effects of Hypoxia and

Antagonism atf the A2AR Site.®
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Hypoxia Provides Hepatoprotection
Through A2AR-Dependent

21% 10 % Mechanism
WT WT + ZM WT WT + ZM A2AKO Although hypoxia can strongly dimin-
IFN-y (pg/mL) 1104 = 146 1237 £45  638x68 1161 = 283 1183206  ish Con A-induced liver damage, phar-
N 13 v 1 10 7 macological antagonism of A2AR by

°IFN-y concentrations determined in serum 8 h after Con A are significantly reduced by
hypoxia. ZM241385 treatment or the yenetic deficiency of A2AR reversed the hypoxia-
mediated decrease of serum IFN-y concentration after 8 h. Means = SEM, ANOVA level of
significance P < 0.05 for all comparisons except 21% WT ZM versus 10% WT ZM versus 10%

A2AKO.

Table 3. Effects of Oxygen Concentration and Con A Treatment on Arterial Oxyygen
Tension and Plasma Adenosine and Inosine Concentration®

ZM?241385 in Con A-injected mice under
hypoxia (10% O,) significantly increased
serum activities of ALT, AST, and LDH
(Figure 3) and concentrations of lactate
(Table 1). Instead of ZM241385-treated
wild type A2AR"* animals, when the
A2AR™~ (“knock-out”) mice were sub-
jected to the same conditions, almost the
same high liver enzyme activities were
detected as the ZM241385-treated group.
In addition, concentrations of IFN-y were

21% 10 % more than doubled when A2 receptors
Vehicle Con A Vehicle Con A were antagonized pharmacologically or
PGO. (MmHY) 805237 80.5+30 528231 535234 when animals were genetically deficient
> RO R--0 N Rol--RV N .0 = 0. WD O, .
Adenosine (nM) 299 = 42 264 = 40 493 = 65 408120  [OrAZAR g?ble 2). Moreog’er'.“’hﬂe the
Inosine (NM) 144+ 18 21081 529 + 43 47979 ~ majority of hypoxia-treated mice sur-

“Arterial partial oxygen pressure is lowered in vehicle and Con A treated mice while
breathing hypoxic yas (1.5 h of 10% O,) as compared with mice breathing normo-
oxygenated, compressed air (1.5 h of 21% O,). The concentration of Adenosine and its
metabolite Inosine increased significantly in vehicle and Con A treated animals subjected
to hypoxia. (Means = SEM, P < 0.05: 21% (n = 11) versus 10% (n = 9) for paO,, Adenosine,
and Inosine; P> 0.05 (n.s.) for vehicle (n = 9) versus Con A (n = 11), ANOVA).

The Whole Body Hypoxia Exposure
Protects Liver Tissue from
Inflammatory Damage

Serum activities of ALT, AST, and
LDH were reduced significantly (P <
0.0001) when the animals were sub-
jected to 10% oxygen instead of 21% in
the control group (Figure 2) for 8 h
after Con A injection. The same reduc-
tion was observed for lactate levels
(Table 1). At the same time point (8 h),
serum concentrations of IFN-y were de-
creased significantly in mice exposed to
hypoxia and TNF-a concentrations
were dropped by 80%, close to the de-
tection limits of the assay (Table 4). The
reduction of cytokine levels was also
apparent in serum samples collected
1.5 h after Con A injection. Especially,
induction of IL-4 by Con A injection
was strongly impaired by treatment
with hypoxia (Table 4). These results

indicate that whole body hypoxia sup-
presses cytokines production and pro-
tects the liver from inflammatory tissue
damage.

vived the Con A challenge, pharmacolog-
ical antagonism at the A2AR was associ-
ated with a significant increase of
mortality between 6-8 h after Con A in-
jection (Figure 4), indicating that the ac-
tion at the A2AR is required for better
survival after Con A-induced liver in-
flammation. In addition, confirmative
control experiments with sham mice not
having received Con A showed that
housing in the modular chambers at hy-
poxic or normal oxygenation did not in-
duce mortality under both experimental

Figure 2. Hypoxia (10% O,) reduces serum liver enzyme activities after Con A injection. As
compared with the release of liver enzymes after Con A challenge in normo-oxyyenated
atmosphere (filled dark bars), hypoxia for 8 h after Con A injection (bright gray bars) re-
sults in lower liver enzyme activities of ALT, AST, and LDH. Sham 10%: ALT 110 = 10, AST 110
+ 10, LDH 160 = 84 (Means = SEM, n = 9-11 per group, paired ftest; + P < 0.05; **P < 0.001).
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Table 4. Hypoxia Treatment Suppressed Cytokines Induction 1.5 and 8 h after Con A°

1.5h 8h
Cytokines (py/mL) 21% O2 10% O2 21% O2 10% O2
IL-4 2499 = 566 13565 + 293 N.D.P N.D.°
(P=0.00004)
TNF-a 694 + 208 542 + 105 110+ 38 19 =20
(P=0.065) (P=0.00017)
IFN-y 767 =321 347 = 116 1476 = 559 475 + 284
(P=0.020) (P=0.0057)

“Mice were subjected to normoxia (21% oxygen) or hypoxia (10% oxygen) immediately
affer Con A injection. Serum cytokine levels were determined affer 1.5 and 8 h, (Means =

SEM, n = 4-6, paired f-test).
°N.D. = not detectable.

conditions (10% and 21% O,, n = 10; ob-
servation period up to 48 h). Taken to-
gether, hypoxia protects from inflamma-
tory liver damage via A2AR-dependent
mechanism.

DISCUSSION

The data shown in this report strongly
support the newly emerging model that
it is the tissue inflammation accompany-
ing local tissue hypoxia that may repre-
sent the initial event in recruiting the
tissue-protecting immunosuppressive
mechanism.

It is shown that tissue hypoxia is asso-
ciated with the accumulation of extracel-

lular adenosine (28), which then triggers
A2AR and A2BR leading to the accumu-
lation of immunosuppressive intracellu-
lar cAMP in activated immune cells (29).
Cyclic AMP, in turn, inhibits signaling
pathways required for synthesis and se-
cretion of pro-inflammatory and cyto-
toxic mediators by immune cells, termi-
nates immune cells’” effector functions,
and thereby protects remaining healthy
tissues from continuous immune damage
(reviewed in 9,30).

This conclusion has implications for
the regulation of immune response in
general even though reported experi-
ments have been performed in a model of

Figure 3. Effects of pharmacoloyical antagonism (ZM241385) or yenetic “knockout” of
A2AR yene on the hepatoprotective effects mediated by hypoxia. Mice of A2AR “wild
type” (A2AR'*) either without (left black bar) or with ZM241385 (bright gray bar) and ho-
mozyyotic A2AR “knock-out” mice (A2AR™") (right dark gray bar) were subjected to

Con A (11.5 my/ky i.v.) injection and placed intfo hypoxic chambers (10% oxygen) for 8 h
thereafter. Means + SEM, n = 11-13 per group; paired f-test versus WT without ZM241385;

+ P<0.05 *P<0.0T1.

120 | CHOUKER ET AL. | MOL MED 14(3-4)116-123, MARCH-APRIL 2008

Figure 4. Effects of antagonism at the
A2AR site on the mortality after Con A in-
duced hepatitis under hypoxia. To verify
the clinical effects of the antagonism of
the hypoxio- > adenosine- > hepatopro-
tection pathway, mice were injected by
Con A (11.5 my/kg) and placed intfo 10%
oxygen atmosphere for 8 h maximally.
A2AR* wild type mice treated with
ZM241385 revealed a significantly higher
mortality with death mostly between 6-8 h
after Con A injection. Differences be-
tween survival rates were tested by Chi-
square test, P < 0.05.

acute liver inflammation. The pathogene-
sis of viral and autoimmune hepatitis is
explained by activities of T-lymphocytes,
tissue macrophages, and granulocytes
which enhance tissue damage and impair
the local microcirculation and blood sup-
ply by releasing inflammatory mediators,
for example, IFN-y and TNF-a. These
processes mimicked in an acute model of
Con A-induced liver injury are mediated
by a T cell-initiated cascade of pro-
inflammatory processes, which have
been validated as reproducing the liver
damage resembling autoimmune and
viral hepatitis in detailed studies using
different genetically altered mice, recom-
binant decoy cytokine receptors, and
monoclonal antibodies (17-21). These
considerations led to the choice of this
model and to testing the potentially tis-
sue-protective role of hypoxia and en-
dogenous adenosine in a standardized
model of Con A-induced T cell activation
and T cell-mediated tissue inflammation.



When animals were subjected to hy-
poxia of 10% instead of 21% oxygen for 8
h, Con A-induced hepatocellular damage
was attenuated significantly as evi-
denced by the lower enzyme activities of
the cytosolic enzyme ALT which has
high organ specificity to the liver and
also by lower levels of AST derived from
the cell cytosol and mitochondria (31).
Similarly, the decrease was also seen in
the activity of LDH in the blood. This re-
sult was expected as LDH levels were
shown to reflect the degree of liver cell
damage (32). In addition, serum lactate
concentrations were also reduced to the
baseline levels of the sham-treated group
when Con A-challenged mice were sub-
jected to hypoxia. The measurements of
lactate concentration are considered to be
one of the most reliable biochemical pa-
rameters to determine the severity and
outcome of acute liver failure and reflect
the severity of liver injury (33). Hyper-
lactatemia develops under clinical condi-
tions in approximately 80% of patients
suffering from fulminant liver failure, for
example, due to hepatitis-induced en-
hancement of hepatic and extrahepatic
anaerobic glycolytic activity with higher
lactate generation together with a re-
duced hepatocyte capacity and function
to clear lactate, altogether resulting in a
net hepatic lactate production (34,35). In
control, the hepatocellular integrity in
the absence of Con A (sham) was not af-
fected by hypoxia.

In addition to the suppression of liver
damage, we found that serum cytokine
levels were decreased significantly in
mice subjected to hypoxia (Table 4). This
result suggests that hypoxia can impair
the initiation of inflammatory responses
which eventually will lead to extensive
liver damage. The decrease of cytokine
levels such as IFN-y, TNF-a, and IL-4
may, at least in part, explain the attenua-
tion of liver damage by hypoxia, because
these cytokines are shown to be essential
in the induction of liver damage by Con
A. Indeed, the importance of IFN-y and
TNF-a has been shown by the inhibition
of Con A-induced liver damage after
neutralization by anti-cytokine antibod-

ies and in gene-deficient mice (17-21).
Furthermore, early IL-4 production from
NKT cells is demonstrated to be essential
in the induction of liver injury (23,24).
Therefore, the impairment of early IL-4
production by hypoxia may suggest inhi-
bition of NKT cells activation by hy-
poxia-A2AR pathway as an additional
inhibitory mechanism of Con A-induced
liver injury. In correspondence, inhibition
of NKT cells by an A2AR agonist is re-
ported recently (36).

As a major prerequisite to estimate the
role of hypoxia and endogenous adeno-
sine under inflammation, we confirmed
first that exposure of the animals to 10%
oxygen, with or without Con A treat-
ment, resulted in decreased arterial
blood pO, values as compared with ex-
posure to 21% oxygen. Hypoxic exposure
(1.5 h) was paralleled by a significant in-
crease of plasma concentrations of the
purine nucleotide adenosine and its
metabolites inosine and hypoxanthine in
vehicle- and Con A-treated mice to the
same degree, indicating that this increase
was due to hypoxia treatment.

Hypoxia is associated with i) decrease
in intracellular ATP; ii) increase in intra-
cellular AMP; iii) inhibition of adenosine
kinase; iv) accumulation of intracellular
adenosine; and v) subsequent transport
or diffusion of intracellular adenosine
and accumulation of adenosine in extra-
cellular space. The accumulation of ex-
tracellular adenosine from intracellular
sources may be triggered by local tissue
hypoxia that follows the excessive collat-
eral immune damage to endothelial cells
and microcirculation with ensuing inter-
ruption of normal blood and oxygen
supply (9,29). A recently described gener-
ation of extracellular adenosine by hy-
poxia-triggered ATPase/ADPase CD39
and 5'-ectonucleotidase CD73 represents
another important pathway (37-39). The
CD39/ecto-nucleoside triphosphate
diphosphohydrolase-type-1 (ENTPD1) is
now recognized to be the key cell surface
ecto-nucleotidase (39,40).

The conditions of reduced oxygen de-
livery result in increased extracellular tis-
sue concentrations of adenosine after hy-
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poxic challenge in heart muscle (41) and
hippocampus (42). We confirmed the ele-
vation of adenosine concentration in the
blood from healthy mice subjected to
10% oxygen for 1.5 h as compared with
animals treated with 21% oxygen (Table
3). Observations of increased adenosine
in the blood also were correlated with
the proportional increase of its metabo-
lite inosine. Because the increase of extra-
cellular adenosine levels was observed in
mice subjected to 10% oxygen in the ab-
sence of Con A (no liver damage accord-
ing to liver enzyme assays) as well as
after Con A injection, we conclude that
the increase of adenosine is resulted from
hypoxia even in the absence of tissue
damage.

Because whole body hypoxia ren-
dered mice resistant to the induction of
liver injury, it had to be tested whether
hypoxia-driven hepatoprotection is me-
diated by the hypoxia — extracellular
adenosine — A2AR pathway or by yet
unknown hypoxia — molecule “X”
pathway. We hypothesized that if the
anti-inflammatory mechanism triggered
by hypoxia is dependent on the action
of extracellular adenosine, then the an-
tagonism of the A2AR or genetic dele-
tion of A2AR in mice should inactivate
the hypoxia-driven tissue protection.
This, in turn, was expected to potentiate
inflammatory liver damage even under
hypoxic conditions (9) because the hy-
poxia-induced accumulation of extracel-
lular adenosine will not be transmitted
further by A2AR and, therefore, liver
tissues will be damaged continuously
by inflammatory effectors (25).

Here we show that the hepatoprotec-
tive effects of hypoxia during acute in-
flammation are abolished by pharma-
cological antagonism in mice treated
with the selective antagonist ZM241385
as evidenced by significantly (P < 0.01)
elevated liver enzyme activities, lac-
tate, and IFN-y concentration. In agree-
ment with these measurements, we
also observed significantly higher mor-
tality under hypoxia when the A2AR-
mediated protection was antagonized
(mortality: 10% oxygen Con A = 5.5%
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versus Con A + ZM = 33%, P < 0.05).
The lower survival rate emphasizes the
importance of tissue hypoxia in control
of liver tissue inflammation via adeno-
sine and A2AR. Importantly, the ge-
netic evidence for the crucial role of the
A2AR in hypoxia-triggered hepatopro-
tection was provided by demonstra-
tions of the aggravation of liver dam-
age and inflammation even during
hypoxia in mice with genetically
deleted A2AR (Figure 3). This indicates
that the hypoxia — A2AR pathway is
non-redundant and is critical in limit-
ing liver inflammation as it is in lung
inflammation (43). Moreover, in con-
trast to our previous report testing hy-
poxia to control lung inflammation as
initiated by bacterial toxin LPS (43)
which activates immune cells of innate
immunity, here we provide evidence
that Con A-induced T cell-dependent
inflammatory liver damage is also
under the control of hypoxia — A2AR
pathway.

In conclusion, here we demonstrated
that both hypoxia and A2AR are impor-
tant in the downregulation of liver in-
flammation and that hypoxia and A2AR
belong to the same non-redundant anti-
inflammatory pathway. This could be an
important and constitutive mechanism to
control hepatic inflammation, because
the liver is hypoxic even under normo-
oxygenated conditions.
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