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Abstract
BACKGROUND—Liver ischemia(I)/reperfusion(R) injury(I) is a known risk factor for the
postoperative outcome of patients undergoing liver surgery/transplantation. Attempts to protect
from organ damage require multidisciplinary strategies and are of emerging interest in view of
patients with higher age and ASA-status. Ischemic preconditioning has been successfully applied
to prevent from IRI during liver resections/transplantation. Since even short periods of ischemia
during preconditioning inevitably lead to hypoxia and formation of anti-inflammatory/
cytoprotective acting adenosine, we reasoned that short non-ischemic hypoxia also protects
against hepatic IRI.

METHODS—Mice underwent hypoxic preconditioning(HPC) by breathing 10%-oxygen for 10
minutes, followed by 10 minutes of 21%-oxygen prior to left-liver-lobe-ischemia(45 min) and
reperfusion(4 hrs). The interactions of hypoxia->adenosine->adenosine-receptors were tested by
pharmacologic antagonism at adenosine receptor(AR) sites in wild type mice and in mice with
genetic deletions at the A1-;A2A-;A2B- and A3-ARs. Hepatocellular damage, inflammation and
metabolic effects were quantified by enzyme activities, cytokines, liver-myeloperoxidase(MPO),
blood adenosine and tissue-adenosinemonophosphate(AMP), respectively.

RESULTS—Hepatoprotection by HPC was significant in wild type and A1-, A2A-and A3 AR-
knock-out mice as quantified by lower ALT serum activities, cytokine levels, histological damage-
scores, tissue-myeloperoxidase-concentrations and as well as preserved AMP-concentrations.
Protection by HPC was blunted in mice pretreated with the A2B-AR-antagonist MRS1754 or in
A2B-AR“knock-outs”.

CONCLUSION—Because liver protective effects of HPC are negated when the A2B receptor is
non-functional, the "hypoxia->adenosine->A2B receptor" pathway plays a critical role in the
prevention of warm ischemia reperfusion injury in vivo. Hypoxic activation of this pathway
warrants use of selective A2B-AR-agonists or even intermittent hypoxia (e.g. in deceased organ
donors) to protect from liver ischemia/reperfusion injury.

Keywords
hypoxia; murine liver ischemia; preconditioning; hepatoprotection

INTRODUCTION
Liver resections and transplantation has become a routine method to treat otherwise non-
curable liver disease of malignant or non-malignant origin. However the organ damage
following warm and cold ischemia is aggravated to various degrees following reperfusion.
This pathology is defined as ischemia and reperfusion injury (IRI). The underlying
mechanisms consist of a disturbed intracellular homeostasis, early immune cell activation,
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and transmigration, followed by tissue inflammation and evolving organ edema during
reperfusion leading to the aggravation of the imbalance between the demand and the
achieved nutritional flow to the organ. For example in solid organ transplantation IRI has a
direct effect on graft survival and is associated with high morbidity and mortality(1). When
organs of marginal quality are transplanted because of donor organ shortage the damaging
effects of IRI may be even more critical(2).

Besides general e.g. pharmacological treatments (e.g. corticoids) or anti-cytokine directed
approaches (e.g. anti-TNF-α), preconditioning protocols represent alternative non-
pharmacological protective approaches. Preconditioning allows organs to adapt to
subsequent severe forms of cellular stress caused by ischemic, hypoxic or metabolic insults
and confers tolerance and cytoprotection(3–5)). Clinical studies and reports clearly
demonstrate benefits of ischemic preconditioning in the course of liver resections (6–8) and
also when applied to the donor liver before transplantation(9, 10).

Since ischemia as used for preconditioning inevitably leads to local, i.e. organ hypoxia, we
asked whether short, non-ischemic general hypoxia may also protect against hepatic IRI. It
has been suggested that the protection by ischemic preconditioning against IRI may be
mediated by the action of adenosine, and this may also be true for the protection by hypoxic
preconditioning(11, 12). Like ischemia, hypoxia alone results in the hydrolysis of ATP
leading to the accumulation of adenosine and its metabolites inosine and hypoxanthine (13).
The protective effects of intra- and extracellular formation and release of adenosine are
mediated by binding to specific receptors(14). To date, four adenosine receptors A1, A2A,
A2B and A3 have been characterised (15, 16). However, the potential benefits of hypoxic
preconditioning in vivo and the underlying potentially adenosinergic mechanisms of
protection have never been tested so far.

RESULTS
1.) Warm hepatic ischemia/reperfusion injury and the effects of hypoxic preconditioning
on liver cell integrity, tissue damage and inflammation

Ischemia (45 minutes) and reperfusion (4 hours) of the left liver lobe caused an increase of
serum activities of ALT, AST and LDH. Compared to control mice, serum ALT, AST, and
LDH were significantly lower in animals that were pre-treated by hypoxic (10% oxygen)
preconditioning (ALT in Fig.1; AST [IU/L] control vs. HPC: 4772±270 vs. 3358±285,
p<0.05; LDH [IU/L] control vs. HPC: 16397±1058 vs. 12660±1229;p<0.05). This protective
effect was seen already after 1 h of reperfusion (ALT [IU/L] control vs. HPC: 2587±460 vs.
1202±324, p<0.05) as well as after 24 hrs (not shown). The significant decrease of
hepatocellular damage was confirmed by histology (Fig.2) as evidenced by a decrease of
liver-tissue damage from approximately 75 % of unprotected livers (control) to 50 % (HPC).

TNF-α serum concentrations increased from undetectable values in sham-operated groups to
mean values of 40pg/ml after liver ischemia and reperfusion. When hypoxic preconditioning
preceded liver ischemia TNF-α concentrations were significantly reduced (Fig.1). Similar
changes were obtained for the effects of HPC on ischemia-reperfusion induced IL-6 release.
IL-6 mean values after sham operation remained low in the range of the detection threshold
of the assays (data not shown).

2.) Effects of 10 minutes of 10 % oxygen for hypoxic preconditioning on arterial oxygen
tension, plasma purines, tissue damage and inflammatory responses

As compared to normoxic conditions (control) breathing hypoxic gas mixture for 10 minutes
during hypoxic preconditioning decreased arterial oxygen tension (paO2) from ~75 mm Hg
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(21%oxygen) to 40 mmHg (10%oxygen) in anesthetized, spontaneously breathing mice.
Inversely to the drop of paO2, adenosine plasma concentrations increased during hypoxia
(21%O2 vs. 10%O2: 436±70 nM vs. 664±42 nM; n=7, p<0.01). Accordingly, the adenosine
degradation products inosine and hypoxanthine were elevated (inosine 21% O2 vs. 10% O2:
38±17 vs. 261±131nM, p=0.07; hypoxanthine 21% O2 vs. 10% O2 : 226±132 vs.
711±103nM, p=0.03).

Exposure to hypoxia for 10 minutes alone had no effect on markers of liver tissue damage.

Parameters of hepatocellular integrity (ALT, AST, LDH), histology or inflammatory
cytokines (IL-6, TNF-α) indicated no signs of liver damage or inflammation, respectively
(data not shown).

To identify effects of hypoxia on inflammatory reactions, we have additionally tested
distinct innate and adaptive immune responses in mice subjected to 10 minutes of hypoxia
alone using the following set-up:

Mice were treated in the same way as mice in the control group of the study protocol but
were not subjected to surgery. No effects could be observed on immunological reactions
determined ex vivo immediately or 45 minutes after hypoxic precondition, respectively. The
capability of murine granulocytes to generate H2O2 was not affected by hypoxic
pretreatment as evidenced by unchanged resting or stimulated H2O2 production,
respectively. Similarly, CD11b expression on murine granulocytes remained unaffected.
When murine spleen T-cells were activated ex vivo by anti-CD3mAb for 24 h, no
differences were observed between hypoxic and normoxic pre-treated mice with respect to
stimulated interferon-gamma production respectively (SDC Tab. 1).

3.) Hypoxic preconditioning and the role of adenosine receptors
All four adenosine receptors were shown to be expressed in murine liver tissue. The relative
expression levels of A1-, A2A-, A2B- and A3-receptor-specific mRNA was almost
equivalently distributed with a preference for the A2B adenosine receptors (38%, n=2). To
test which subtype of the different adenosine receptors mediates HPC effects, WT mice pre-
treated with antagonists to specific adenosine receptors or mice with genetic deficiencies
were preconditioned by breathing hypoxic air and the extent of protection against ischemia/
reperfusion was determined.

Role of A2A -and A2B adenosine receptors (AR) in hypoxic preconditioning—
In contrast to controls (Fig.1, Fig.3), HPC was no longer hepatoprotective in WT mice pre-
treated with the adenosine receptor (AR) antagonist ZM241385, known to be antagonistic at
both A2A and A2B AR sites (Fig. 3). When WT mice were treated with the selective A2B
antagonist MRS1754 prior to hypoxic preconditioning, the protection in the HPC-group was
nullified as shown by parameters of liver cell integrity (ALT, Fig. 4) and histology (SDC
Tab. 2), sequestration of myeloid cells (MPO, Fig. 4) and inflammatory responses (IL6,
TNF-α, Fig. 4). Also pharmacologic antagonism at the A2B AR receptor with either
MRS1754 or ZM241385 was tested in A2A AR knock out mice and was also shown to
reverse the effects of HPC (e.g. ALT: HPC A2A AR-KO vs. HPC A2A AR-KO+MRS1754
vs. HPC A2A AR-KO+ZM241385; 4853±823 vs. 5825±877 vs. 6466±1138 [IU/L]; IL6:
343±74 vs. 465±133 vs. 580±150 (pg/ml), n=5–9, A2B AR antagonists treated vs. untreated,
n.s.). Testing for the effects of HPC in A2B AR knockout mice showed also full reversal of
the protective effects of HPC as verified on all biochemical parameters analysed (ALT,
MPO, IL6, TNF-α; Fig. 4) as well a by histology (SDC Tab. 2).
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Because ischemia is known to activate the cytosolic 5´ AMP nucleotidase, which
dephosphorylates AMP to adenosine, we tested for AMP concentration in freeze clamped
liver tissues as a function of the decrease in tissue energy charge(17, 18). As compared to
sham treated mice without ischemia, AMP tissue concentrations decreased by two thirds
when the liver was subjected to 45 min of ischemia. Pre-treatment by 10 min of hypoxic
preconditioning could significantly attenuate this decrease and AMP values remained close
to those as observed in the sham group. Confirmatively to the effects described for liver
integrity and inflammation, the MRS pretreatment significantly reverted this protective
effect of HPC, and the AMP tissue concentrations remained low after ischemia (p<0.05,
Tab. 1).

Role of the A1 and A3 adenosine receptors in hypoxic preconditioning—
Hypoxic preconditioning significantly reduced serum levels of liver enzymes and
histological tissue damage scores in both wild type and adenosine A1 AR and A3 AR
knockout mice, e.g. ALT [IU/L] in A1 AR-KO: 5390±1333 (control) vs. #2713±853 (HPC);
ALT[IU/L] in A3-KO: 7036±1049 (control) vs. #4817±846 (HPC); Histology damage score
A1 AR-KO: 1,75±0,025 (control) vs. #1,0±0,0 (HPC); Histology score in A3 AR-KO:
2,0±0,15 (control) vs. #1,4±0,18 (HPC); #p<0.05 vs. respective controls). These findings
were also confirmed by a decrease in inflammatory cytokines in hypoxic preconditioned A1
AR–KO and A3 AR-KO mice. In addition, pharmacological antagonism at the A1 receptor
site by pre-treatment with the selective adenosine A1 antagonist DPCPX (2.5 mg/kg) did not
compromise the protective effects of HPC as shown by improved liver cell integrity, liver
tissue damage and inflammatory responses (not shown).

DISCUSSION
Organ injury by ischemia and reperfusion is associated with high morbidity and
mortality(19). This has initiated numerous attempts to achieve better tissue protection
against ischemia/reperfusion injury of the liver(1) e.g. through ischemic preconditioning
(IPC)(6–8, 20, 21). Also in the course of liver transplantation some reports indicate the
benefits of IPC in livers of deceased donors that were conditioned in situ and resulted in
attenuated inflammation and reduced tissue damage to the allograft(9, 10). These anti-
inflammatory and tissue protective effects of IPC were confirmed also in genomic responses
e.g. in liver allografts (22). Besides the efficiency of ischemic as well as pharmacologic
preconditioning(23, 24), the concept of protection by hypoxia was introduced more recently
and was shown to exert cytoprotective effects for cerebral (25–27) and cardiac
preconditioning(4, 28). However, there have been no earlier attempts to test hypoxic
preconditioning as a hepatoprotective measure in vivo. Since hypoxia is a well known and
extremely potent stimulus for the formation of adenosine(16), and each of the four
adenosine receptor subtypes has been implicated in the phenomenon of preconditioning, we
investigated whether a brief period of in vivo hypoxic preconditioning i) can protect the
liver from IRI and reduce inflammatory mediators, ii) can induce formation of adenosine,
and asked iii) which of the four adenosine receptor subtypes to provide hepatic protection is
involved, and iv) if this effect is due to metabolic protection of parenchymal cells of the
liver or to decreased myeloid cell activation and function, respectively.

Hypoxic preconditioning (HPC) attenuates hepatic ischemia-reperfusion injury in vivo
To the best of our knowledge; the results of our experiments provide evidence for the first
time that the liver can be protected against ischemia/reperfusion injury (IRI) by hypoxic
preconditioning. HPC by breathing 10% oxygen for ten minutes prior to prolonged liver
ischemia(I)-and reperfusion(R) can provide significant protection against IRI as shown by
the reduction in the extent of liver damage, the amount of sequestered myeloid cells, IL-6
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and TNF-α serum concentrations, respectively. The lower concentration of myeloid cells in
the liver tissue together with lower level of TNF-α mRNA transcripts (not shown) and IL-6
and TNF-α serum protein concentrations indicate less inflammatory reactions(29). Such an
association between liver protection and the reduction of TNF-α serum protein
concentrations were also reported very recently by Wang(30).

Hypoxia (10% O2) increases plasma purine concentrations
The purine nucleoside adenosine is produced under conditions that favour ATP-degradation
like ischemia and hypoxia(16), involving extracellular located NTPDase (ATP
diphosphohydrolase, ecto/CD39) and ecto as well as cytosolic 5'-nucleotidase with the latter
enzymes known to dephosphorylate AMP to adenosine. Moreover, it was shown in a heart
model that hypoxia leads to the accumulation of adenosine by the inhibition of the enzyme
adenosine kinase which under physiological conditions recycles adenosine by
phosphorylation to AMP(31). In agreement with earlier studies, demonstrating an increase in
extracellular tissue concentrations of adenosine after a hypoxic challenge in the heart
muscle(11) or in the hippocampus(12), adenosine plasma concentrations doubled after 10
minutes of breathing 10%oxygen for hypoxic preconditioning. Increased levels of adenosine
are consistent with the parallel rise in its degradation products inosine and hypoxanthine(7).
Since under physiological conditions plasma levels of adenosine are much lower than
interstitial concentrations due to fast reuptake and degradation by the vascular endothelial
cell layer and circulating erythrocytes, it is highly likely that the increase of adenosine in
liver tissue was even greater than that in plasma.

HPC is not mediated by A2A adenosine receptors
Binding of adenosine to adenosine A2 receptors has been shown to be critically involved in
the hypoxic preconditioning of rat hepatocytes against subsequent prolonged hypoxic stress
in vitro(32).

Because exposition to hypoxia for 10 minutes increases plasma levels of adenosine, we
tested whether adenosine A2 receptors mediate the hepatoprotective action by HPC also in
vivo. While the beneficial effect of HPC was fully antagonized by the A2 receptor
antagonist ZM 241385, a similar experiment in A2A AR-KO mice revealed that the hypoxic
preconditioning phenomenon was not selectively dependent on the presence of a functional
A2A adenosine receptor site, as HPC still significantly protected liver tissue against
ischemia/reperfusion injury in mice with a genetic lack in A2A AR sites. This result was
reproducible in several experiments despite the observation that A2A AR-knockout mice
exhibited more tissue damage as compared to wild type littermates, confirming previous
results by Linden(33). Since ZM241385, however, is a mixed A2A/B adenosine receptor
antagonist which competitively inhibits the action of adenosine not only at A2A but also at
A2B adenosine receptor sites(34, 35), the results in A2A knock-out mice pre-treated with
ZM241385 indicate that it was most likely the antagonism at the remaining A2B receptor
sites(36) which abolished the hepatoprotective effects of HPC.

A2B adenosine receptors mediate the protective effects of HPC
Using quantitative real-time RT-PCR, we demonstrated the presence of mRNA of all
adenosine receptor subtypes in liver tissue, the A2B receptor mRNA being the most
abundant. Because endogenous adenosine is acting only briefly in the course of in vivo
hypoxic preconditioning, one wishes to have hydrolysable and hence short acting selective
A2A or A2B receptor agonists to test for pharmacologic preconditioning. However, such
short-lived agonists are not available and the currently used selective A2A or A2B agonists
have a much longer half-life after i.v. injection, affording liver protection rather by their
anti-inflammatory effects than by preconditioning. In order to overcome these problems,
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wild type mice, A2A and A2B receptor knockout mice were pretreated by either the
selective A2B-receptor antagonist MRS1754(37) or its vehicle only, to test for the proposed
HPC induced endogenous adenosine->A2B mediated action. Most importantly, when WT
mice were pretreated with the potent A2B receptor antagonist MRS1754, the
hepatoprotective effect of hypoxic preconditioning was fully antagonized. This effect of
antagonism at the A2B receptor site was verified at the level of liver cell integrity markers,
of overall tissue necrosis (histology), the infiltration of the liver tissue by myeloid cells
(MPO) and humoral parameters of inflammation in the blood (IL-6, TNF-α). The final proof
of this critical protective transient hypoxia->adenosine->A2B receptor site signaling
pathway in hypoxic preconditioning was provided by A2B receptor knockout mice, in which
the protection by the hypoxia->adenosine->A2B receptor site signaling pathway was
blocked to the same degree as seen in the MRS1754 pre-treated WT mice.

Are the liver protective effects of HPC resulting from an increased metabolic resistance of
hepatocytes to ischemia or are they due to the decreased capability of myeloid cell to
become activated during reperfusion?

From the data presented on the effects of HPC to protect from liver damage one can
conclude that this procedure is efficient to reduce liver damage in the course of hepatic
ischemia and reperfusion.

Interestingly, the extent of hepatocellular damage was decreased as early as after 1h after
liver reperfusion. At this very early point in time cytokine levels were not increased (data
not shown) indicating that HPC mediates initial prevention of tissue damage through other
than inflammatory reactions, but potentially through a cytoprotective pathway. Because
tissue ischemia is known to activate the cytosolic 5´AMP nucleotidase as a proportional
function of the tissue energy charges´ decrease(17) we tested for the liver AMP
concentration which – to our hypothesis - is increasingly degraded under conditions of non-
preconditioned liver tissue during ischemia, but could be less subjected to degradation when
the liver is pre-conditioned by hypoxic preconditioning, respectively. Accordingly, AMP
tissue concentrations decreased by two thirds when the liver was subjected to 45 min of
ischemia while the pre-treatment by hypoxic preconditioning could significantly prevent
from this effect and AMP values were close as high as observed in the sham group.
Confirmatively to the effects described for liver integrity and inflammation, pretreatment
with the selective A2B receptor antagonist abolished the protective effect of HPC also at the
level of AMP tissue concentrations. These experimental results may allow concluding that
hypoxic preconditioning and the adenosine A2B receptor likely affect metabolic processes.
This might induce an initial state of hepatocellular protection and therefore seems to be one
of the leading mechanisms to reduce - not necessarily primarily but secondarily- the
inflammatory consequences of the ischemic insult. However, further experiments are
warranted to investigate also the role of the A2B receptor during reperfusion, as
inflammatory cascades during reperfusion are likely to be susceptible to regulation by A2B
receptor sites(38, 39). Finally, hypoxia alone (10% for 10 min) seemed not to reduce or
affect distinct functions of leukocyte functions. When granulocytes or splenocytes were
taken from mice subjected to hypoxic preconditioning, functional assays for innate or
adaptive immune responses revealed no suppression even after 45 min, i.e. the point in time
when reperfusion of ischemic livers would have taken place. These findings of a lack of any
effect of HPC on cellular reactivity of neither granulocytes nor splenocytes (T-cells) further
substantiates the conclusion that HPC provides protection by conferring metabolic resistance
to ischemic stress than by primarily attenuating early inflammatory reactions.
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Adenosine A1 and A3 receptors do not mediate liver protective effects of hypoxic
preconditioning

Whereas adenosine A1 and A3 receptors have been shown to play an important
physiological role in the preconditioning of various tissues (e.g. heart(40, 41), kidney(42))
their role in the preconditioning of the liver has not been investigated. To evaluate a
potential contribution of the A1 and A3 AR to hypoxic preconditioning, we tested the effects
of HPC in mice with genetic deficiencies of the adenosine A1 and A3 receptors and
observed that the protective effect of hypoxic preconditioning was maintained in A1 AR or
A3 AR knockout mice, as well as in WT mice pretreated with the A1 AR selective
antagonist DPCPX. These findings clearly rule out a significant role of these receptor
subtypes in the protection by hypoxic preconditioning.

In summary, this report provides evidence that in vivo hypoxic preconditioning provides an
efficient tool to protect the liver from subsequent ischemia and reperfusion injury.
Moreover, the hypoxia->adenosine->A2B receptor pathway plays an important role in this
particular form of preconditioning. This conclusion is based not only on the reversal of HPC
by non-selective and selective A2B receptor antagonists in WT mice as well as in A2A KO
mice, but most importantly also supported by genetic evidence obtained in A2B adenosine
receptor knockout mice (SDC Fig. 1). HPC seems to induce rather cytoprotective metabolic
effects than to down-regulate damaging inflammatory reactions during the early phase of
reperfusion. Thus, the decrease in parameters of cellular und humoral inflammation
determined 4 h after reperfusion most likely reflects secondary responses to the ischemically
induced liver injury, which is less pronounced in hypoxic preconditioned livers and is
therefore of less inflammation stimulating capacity.

As ventilation with hypoxic inspiratory oxygen concentrations even for short durations is no
therapeutic option in patients (yet), the pharmacological recruitment of the protective A2B
adenosine-signalling pathway may warrant further investigation in experimental liver
surgery with Pringle maneuver or total vascular exclusion. In addition, 10% hypoxic
ventilation for preconditioning might be applicable and of benefit in deceased organ donors.
Both means of liver protection either by highly selective adenosine A2B receptor agonists or
by hypoxia, however, clearly need to be further tested in large animal models of liver
transplantation and thereafter might become applicable for transplantation medicine.

MATERIAL AND METHODS
Mouse strains

The experiments were conducted in accordance with the regulation for the use of animals in
research (http://oacu.od.nih.gov/regs/USGovtPrncpl.htm) as approved by the NIH Animal
Care and Use Committee. All mice used were on an at least partial C57BL/6 background.
The A2A AR−/−, A2B AR−/− (A2A-and A2B adenosine receptor knockout (KO)) and A3
AR−/− (A3 AR-KO) mice were backcrossed at least 10 times while the A1 AR−/− (A1 AR-
KO) mice were on a mixed 129sv/C57BL/6-background. Phenotypic comparisons were
made between AR KO mice with their corresponding wild type littermates (WT) or between
antagonist to ARs and placebo treated mice. All mice used in the experiments were age-
matched males of nine- to twelve weeks age. Animal experiments were repeated at least 3
times.

Model for hepatic ischemia and reperfusion
Anaesthesia was induced by i. p. injection of ketamine (100 mg/kg) and xylazine (4 mg/kg)
and maintained by ketamine. After abdominal midline incision, clamping the left lower lobe
with a microvascular clip (Fine Science Tools, Foster City, CA) induced ischemia in one
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third of total liver mass. Thereafter the abdomen was closed temporarily until re-opened to
remove the vascular clamp after 45 minutes to induce reperfusion. Finally, the peritoneum
and skin were closed by a running nylon suture. During the entire surgical procedure the
body temperature of the mouse was automatically maintained at 37° C±0.3° C by a
homeothermic blanket and temperature control system with a rectal probe (Stoelting Co.,
Wood Dale, IL). After surgery all mice received sterile heparinized saline (20 µl/g BW,
heparin 5 I.U./ml) subcutaneously to compensate for fluid loss. In sham-operated mice the
hilus of the left liver lobe was clamped for ~10 seconds and de-clamped to mimic the trauma
to the vessels without inducing ischemia/reperfusion injury.

Hypoxic Preconditioning—Twenty minutes prior to liver clamping for induction of left
lobe ischemia, the anesthetized mouse was breathing spontaneously either normoxic
(21%oxygen, “control”-group) or hypoxic (10%oxygen, hypoxic preconditioning “HPC”-
group) gas mixtures at a constant gas flow (1,0 l/min) through a nose cone for 10 minutes.
Thereafter, the nose cone was removed and all mice respirated room air for the rest of the
experiment.

Pre-treatment with A2 receptor antagonists—The adenosine A2A and A2B AR
antagonist ZM241385 (Tocris, MO) was injected subcutaneously (10 mg/kg BW) 1.5hours
prior to the start of hypoxic- or sham-preconditioning. The selective A2B receptor
antagonist MRS1754 (Sigma RBI, MO) was injected subcutaneously (3 mg/kg BW) 1.5
hours prior to the start of hypoxic-or sham-preconditioning. Control animals received the
same volume of the vehicle solution.

Liver damage related enzymes
Blood was collected from the carotid artery to determine serum activities of ALT, AST and
LDH after 4 hours. In selected experiments this blood collection was performed at 1 hr after
reperfusion. Serum analyses were performed with an automated analyzer (Synchron LX20,
Brea, CA)

Histology
Liver samples were taken 4h after reperfusion and tissue was fixed in 10% neutral buffered
formalin, embedded in paraffin, and sections stained with hematoxylin and eosin (H&E)
according to standard protocols. Stained tissue slices were analyzed in duplicates or
triplicates in a blinded fashion by an experienced veterinary pathologist (JMW). The degree
of tissue damage was scored on a scale from 0 to 4 with zero defining unaffected tissue, and
1, 2, 3, or 4 showing degeneration of less than 25% of the liver section, of 26%–50% of the
liver section, of 51%–75% of the liver section, and of >75 % of the section, respectively.

Serum cytokines
Interleukin 6 (IL-6) and tumour necrosis factor-alpha (TNF-α) were quantified from serum
by ELISA (R&D systems, MN).

Tissue myeloperoxidase (MPO)—Quantification of murine MPO in liver homogenates
(ng/mg liver-homogenate) was performed in accordance to the manufacturers´ instructions
(HyCult Biotechnology, The Netherlands).

Plasma concentrations of purines and paO2—Blood samples were taken from the
carotid artery of anesthetized mice breathing either 21% oxygen or 10 % oxygen for 10
minutes to determine blood purine concentrations. Because of the short half-life of the
purine nucleoside adenosine in biological fluids, syringes were pre-filled with ice-cold
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physiological saline containing dipyridamole (2×10−4M), EHNA (erythro-9-(2-hydroxy-3-
nonyl)adenine 2×10−5M), DL-a-glycerophosphate (2×10−2M), EDTANa (2×10−2M), EGTA
(2×10−2M) to inhibit nucleoside transporters, adenosine deaminase, non-specific
phosphatases and ecto-nuclotidases. The samples were processed and plasma concentrations
of adenosine, inosine and hypoxanthine were determined by HPLC as previously described
(43). Arterial blood samples were collected at the same time into heparinised capillaries for
analyses of the blood oxygen tension (Rapidlab 248,Chiron Diagnostics,UK).

Adenosine receptor-specific mRNA levels in liver tissue—The relative distribution
of adenosine A1, A3, A2A and A2B receptor specific mRNA in liver tissue of wild type
mice was assessed by real time PCR as previously described (44). The relative mRNA
expression was standardized to the levels of ribosomal protein L32 mRNA.

Hypoxia (10 min) and leukocyte activation
C57Bl/6 mice were treated in the same way as mice in the study protocols described above
but were not subjected to surgery. Blood samples were taken after 10 minutes of breathing
of either hypoxic (10%O2) or normoxic gas mixtures over a period of 10 minutes. Another
blood sample was taken after another 45 minutes to get insight in the reactivity of immune
cells at a time point at which in animals subjected to ischemia reperfusion would have been
started. The effect of hypoxia on some immune cell functions were representatively assessed
on PMNs´ respiratory burst activity in either resting state or after stimulation with TNF/
fMLP (N-formyl-leucyl-phenylalanin at 10−6M)) as measured by dyihydrorhodamin (DHR)
fluorescence by flow cytometry (488 nm laser) and by the expression of CD11b (β2-
integrine) using activation protocol as described elsewhere (45). Lymphocytes´
responsiveness was analyzed by stimulation of T-cells separated from spleen of the mice
subjected to the same conditions as described above. Splenocytes were stimulated by anti-
CD3mAb ((0.1 µg/ml; 145-2C11, BD Biosciences) for 24 hrs (37°C, normoxia) and
interferon-gamma was determined in the supernatants thereafter by ELISA (R&D).

AMP measurements—Adenosine monophosphate was measured in murine liver tissues
obtained either from sham operated mice and from mice subjected to 45 min of ischemia
without prior hypoxic preconditioning or with prior preconditioning, respectively. Because
of the shown importance of the A2B receptor, we have tested for the effects of pretreatment
of mice by the selective A2B antagonist MRS in the experimental settings described above.
The liver tissue samples were taken after 45 minutes of ischemia, before reperfusion. For
analyses, mice had been sacrificed and a small piece of liver tissue was weighed (50–60
mg), washed with 500 µl cold PBS, transferred to a centrifuge tube containing 500 µl of
water, and boiled for 4 minutes (for enzyme inactivation) and the tissue was homogenized.
The homogenate was centrifuged at 14.000 rpm for 5 minutes and the supernatant
centrifuged for a second time. The resulting supernatant was loaded onto centrifugal filter
devices (Biomax-30, Millipore) and filtered to remove proteins. The filtrate was diluted
1:200 in water and an internal standard (adenine-α-9-D arabinofuranoside) was added to a
final concentration of 10pg/µl.

All samples were analyzed with an LCMS assay as previously described (46). Briefly the
assay was developed using a Thermofinnigan HPLC system coupled to a Thermofinnigan
LCQ Duo ion trap mass spectrometer equipped with an electrospray ionization source (ESI).
The mass spectrometer was operated in the ESI positive ion mode. The analytes were
monitored using single ion monitoring: for adenine 9-α-D arabinofuranoside (internal
standard) the m/z was 268 and for AMP m/z was 348. The amount of AMP (in ng/µl) was
calculated using a standard curve and finally expressed as ng/mg of tissue based on the liver
tissue mass homogenized.
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STATISTICS
All data were normally distributed as assessed by Kolmogorov-Smirnov-test (p >0.05). Data
were tested by paired T-test for detection of in-between differences and are presented as
means ± standard error of the mean (SEM). P-values below 0.05 were considered to be
statistically significant. All statistical analyses were performed by SPSS 14.0 program
(SPSS Inc.,Chicago, IL).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ALT Alanine transaminase

AMP Adenosine monophosphate

AR Adenosine receptor

AST Aspartate aminotransferase

BW Body weight

DPCPX (8-cyclopentyl-1,3-dipropylxanthine)

IRI Ischemia/Reperfusion injury

H&E Hematoxylin and eosin staining

HPC Hypoxic Preconditioning

IPC Ischemic Preconditioning

LDH Lactate dehydrogenase

MRS 1754 8-[4-[((4-Cyanophenyl)carbamoylmethyl)oxy]phenyl]-1,3-di(n-
propyl)xanthine

PaO2 Arterial blood oxygen tension

PMN polymorphonuclear leukocyte

WT wild type

ZM241385 (4-(2-[7-amino-2-(2-furyl[1,2,4]-triazolo[2,3-a[1,3,5]triazin-5-yl-
aminoethyl)phenol)
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Figure 1. Effect of hypoxic preconditioning (HPC) on hepatic ischemia and reperfusion injury:
ALT, TNF-alpha and Il-6 serum concentrations
Mice were subjected to ischemia (45 min) and liver enzymes were determined after 4 hours
of reperfusion. As compared with control mice (filled bars) breathing normal air over the
whole experimental period, mice subjected to hypoxic preconditioning (HPC) prior to
ischemia-reperfusion (open bars) showed liver enzyme activities that were reduced
significantly by more than 30%. Hypoxic preconditioning was achieved by subjecting mice
to 10% oxygen for 10 minutes followed by breathing of normal air (21% O2) for another 10
minutes prior to start of ischemia. (Means ± SEM, T-test: #p< 0.05 vs. “No-HPC”; n= 15 per
group). TNF-α and IL-6 concentrations determined in serum after ischemia (45 min) and
reperfusion (4 h) were significantly reduced by hypoxic preconditioning. Sham animals
were treated accordingly (No-HPC with 21% O2, HPC with 10% O2,), underwent
laparotomy followed by left liver lobe clamping but, with immediate unclamping to only
induce the trauma, but no relevant liver ischemia and reperfusion (Means ± SEM “No-HPC-
sham”: ALT 113±6,6 IU/L.; AST 200±0, LDH 340± 120; “HPC-sham”: ALT 1003±0 IU/L;
AST 193±17, LDH 962 ± 174). TNF-α and IL-6 concentration in sham –treated mice were
below the detection threshold of 5 pg/ml (Means ± SEM, #: p<0.05 vs. “No HPC”, t-Test,
n=8 per group).
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Figure 2. Effect of HPC on hepatic ischemia and reperfusion injury: Histology
Staining of non damaged liver tissue with H&E results in an eosinophilic, homogenous
staining indicating viable/undamaged cells which appear almost as black in the black &
white print. However, after 45 minutes of ischemia and 4 hours of reperfusion major parts of
the left liver lobe sections (upper left two slides) turned homogenously pale into confluent
"grey" areas (see line-marked areas in lower left 100× magnification) indicating severe
tissue damage (hepatocyte degeneration and necrosis). In contrast, when the mouse was
treated by hypoxic preconditioning prior to ischemia and reperfusion (HPC, two upper right
slices) areas of damage became less pronounced and showed focally (arrow marked areas in
lower left 100× magnification) rather than confluent pattern of tissue damage.
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Figure 3. Role of the adenosine A2A receptor (A2A AR) in the protection by HPC from hepatic
ischemia-reperfusion injury as assessed by liver enzymes, tissue myeloperoxidase, Interleukin 6 -
and TNF-α serum concentration
A2A AR-wild type (WT) mice, WT mice pre-treated with the adenosine A2 receptor
antagonist ZM241385 or mice genetically lacking in A2A adenosine receptors (AR
knockout, KO) were subjected to ischemia (45 min) and reperfusion (4 hours) without (filled
bars) or with (open bars) prior hypoxic preconditioning. Serum activities of alanine- amino-
transferase (ALT) were determined after 4 hours of reperfusion. Comparison of A2A+/+
(A2A WT ± ZM241385) and A2A−/− (A2A KO); Means ± SEM, n = 7–11 per group (#:
p<0.05 vs. “No HPC”, T-Test).
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Figure 4. A2B adenosine receptors (A2B AR) mediate the protective effects of HPC after hepatic
ischemia-reperfusion injury as assessed by liver enzyme tissue myeloperoxidase, Interleukin 6-
and TNF-α serum concentrations
A2B AR wild type (WT) mice, WT mice pre-treated with the selective adenosine A2B
receptor antagonist MRS1754 or mice genetically lacking in A2B adenosine receptors
(knockout, KO) were subjected to ischemia (45 min) and reperfusion (4 hours) without
(filled bars) or with (open bars) prior hypoxic preconditioning. Serum activities of alanine-
amino-transferase (ALT) were determined after 4 hours of reperfusion. Comparison of A2B
+/+ (A2A WT ± MRS1754) and A2B−/− (A2B AR KO); Means ± SEM, n = 9–10 per
group, 8–9 for MPO (#: p<0.05 vs. “No HPC”, T-Test).
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Table 1

Tissue adenosinmonophosphate (AMP) concentrations after hypoxic preconditioning (HPC) and
pharmacological antagonism at the A2B receptor site (MRS1754).

AMP

ng/mg liver wet weight n

Sham 1318 ± 241 7

No-HPC + 45 min Ischemia 584 ± 65* 4

HPC + 45 min Ischemia 1024 ± 126#+ 4

MRS Sham 1502 ± 296 6

MRS No-HPC + 45 min Ischemia 598 ± 51* 4

MRS HPC + 45 min Ischemia 718 ± 139 4

Adenosine monophosphate in the tissue of liver which were quantified either from a) sham operated mice, from ii) mice subjected to 45 min of
ischemia without prior hypoxic preconditioning or iii) with prior hypoxic precondition. Liver tissues were further assessed under the same
experimental conditions but in mice pretreated with the selective A2B antagonist MRS1754.

Means ± SEM, two sided T-Test, #: p<0.05 "No-HPC", n = 4–7 per group).
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