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Abstract
AIM: Stress-activated signaling pathways responsible
for hepatic ischemia reperfusion injury and their
modulation by protective interventions are widely
unknown. Preconditioning of rat livers with Atrial
Natriuretic Peptide (ANP) attenuates ischemia
reperfusion injury (Gerbes et al. Hepatology 1998, 28:
1309-1317). Since ANP has recently been shown to be
a regulator of the p38 MAPK pathway in endothelial
cells (Kiemer et al. Circ Res 2002, 90:874-881), aim of
this study was to investigate activities of MAPK during
ischemia and reperfusion and effects of ANP on MAPK.

METHODS: Rat livers were perfused with KH-buffer in
the presence or absence of ANP for 20 min, kept in cold
UW solution for 24 h, and reperfused for up to 120 min.
Activities of p38 MAPK and JNK was determined by in
vitro phosphorylation assays using MBP and c-jun as
substrates. After SDS/PAGE electrophoresis, gels were
quantified by phosphorimaging.

RESULTS: Activity of p38 MAPK in control organs
decreased in the course of ischemia and reperfusion
by 85%, whereas ANP increased p38 activity by up to
30-fold. JNK activation of control livers increased in the
course of ischemia and reperfusion by up to three-fold.
This increase in JNK activity was slightly elevated in
ANP preconditioned organs.

CONCLUSION: This work represents a systematic
investigation of MAPK activation during liver ischemia
and reperfusion. Employing ANP, for the first time a
pharmacological approach to modulate these central
signal transduction molecules is presented.
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INTRODUCTION
Ischemia reperfusion (I/R) injury is the main cause of severe
complications following liver transplantation [1,2]. Therefore,
measures to reduce I/R injury are of highest clinical interest.
However, there is still incomplete understanding of the
pathomechanisms leading to I/R injury and of signalling
pathways responsible for protective interventions.
      Mitogen activated protein kinases (MAPK) are dually
phosphorylated serine/threonine protein kinases (for review
see[3,4]. They regulate an extensive range of cellular processes
including gene transcription, cytoskeletal organization,
metabolic homeostasis, cell growth, and apoptosis [3,4]. They
represent signalling molecules which can be activated by
various cellular stresses and cytokines and which therefore
play a crucial role in the stress response[5]. Their role in the
stress response, however, either detrimental or protective,
seems to strongly depend on the system looked at[6].
        In mammalian cells, three closely related parallel cascades
of MAPK are known, the p38 MAPK, the c-jun N-terminal
kinase (JNK), as well as the extracellular signal-regulated
protein kinases p42/p44 (ERK)[4]. ERKs are critical regulators
of gene transcription in cell proliferation and differentiation,
while JNK and p38 pathways seem to be involved in cellular
responses to environmental stresses and inflammatory
cytokines[3].
        Several groups have observed activation of MAPK in the
course of warm ischemia and reperfusion[7-11] whereas there is
only limited information on activation of MAPK after cold
ischemic storage [12-14].  However, these reports show
controversial data on the activation pattern of MAPK.
        Since recent data show that protective preconditioning
strategies, such as whole animal heat shock[15,16] or short time
hypoxic[17] or ischemic preconditioning[18,19] significantly
activate stress-activated MAPKs, these kinases are suggested
as central signal transduction pathways mediating protection
from I/R injury. Therefore, we felt that a systematic
investigation of MAPK activation after cold ischemic storage
should lead to a more complete understanding of their role in
I/R injury. Moreover, the potential pharmacological modulation
of MAPK by the hepatoprotective Atrial Natriuretic Peptide
(ANP) should be investigated. This cardiovascular hormone has
previously been shown to attenuate I/R injury after both warm[20]

and cold[21] ischemia of the rat liver. Protection conveyed by
ANP involves the attenuated activation of pro-inflammatory
transcription factors and the reduced expression of TNF-a[22] as
well as induction of heat shock proteins[23]. The initial signalling
events responsible for the protective potential of hormonal
preconditioning by ANP, however, are still unknown. ANP has
recently been reported by us and others as a regulator of the p38
MAPK cascade[24,25]. By investigating an effect of ANP on
MAPK activation, an information on signalling events potentially
involved in liver protection should be obtained.
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MATERIALS AND METHODS
Materials
Rat ANP 99-126 was purchased from Calbiochem/
Novabiochem, Bad Soden, Germany. [γ32P]-ATP (3000 Ci/
mmol) was from Amersham Pharmacia (Braunschweig,
Germany);Complete was from Roche (Heidelberg, Germany).
Recombinant c-jun 1-79, polyclonal rabbit anti-p38, and anti-
JNK antibodies were purchased from Calbiochem-
Novabiochem (Bad Soden, Germany). Protein A-agarose,
myelin basic protein, and all other materials were from Sigma,
Deisenhofen, Germany.

Methods
Liver perfusion  Male Sprague-Dawley rats weighing 250-
300 g were purchased from SAVO (Kisslegg, Germany) and
housed in a climatized room with a 12-hour light-dark cycle.
The animals had free access to chow (Standard-Diet, Altromin
1314 Lage, Germany) and water up to the time of the
experiments. After anaesthetizing the animals with
pentobarbital (50 mg/kg body weight, intraperitoneally), the
portal vein was cannulated and the livers were perfused in situ
with hemoglobin-free and albumin-free, bicarbonate-buffered
Krebs-Henseleit (KH) solution (pH 7.4,37 ) gassed with 95%
O2 and 5 % CO2. The perfusion medium was pumped through
the livers with a membrane pump at a constant flow rate of
3.0-3.5 ml min-1 g liver-1 in a non-recirculating fashion.
After 10 min controlling the stability of the system, ANP (200
nM) was added to the perfusate for 20 min, livers were then
perfused with 30 ml of cold (4 ) University of Wisconsin
(UW) solution for 1 min. Then the organs were kept in 150 ml
UW solution at 4  for 24 h. Following the period of ischemia,
livers of each group were reperfused with KH buffer for 2 h.
At the indicated times, i.e. before ischemia, at the end of
ischemia and after 45 and 120 min of reperfusion livers were
snap-frozen and stored at -85  until further analysis. Five
independent experiments were performed.
       The “Principles of laboratory animal car” (NIH publication
No 86-23, revised 1985) as well as the German Law on the
Protection of Animals were followed. The study was registered
with the local animal welfare committee.
Immunoprecipitation and in vitro phosphorylation assay
Tissue lysates were prepared from frozen liver sections. Briefly,
tissue samples (100 µg) were homogenized in ice-cold lysis
buffer (containing 2 mM EDTA, 137 mM NaCl, 10 % glycerol,
2 mM tetrasodium pyrophosphate, 20 mM Tris, 1 % Triton®

-100, 20 mM sodium glycerophosphate, 10 mM sodium
fluoride, 2 mM sodium vanadate, 1 mM PMSF, 1 Complete®)
with a dounce homogenizer, and centrifuged at 11 180 g for
10 min at 4°C. Aliquots of the supernatant were taken for
determination of protein concentrations and the tissue extract
was frozen at -85°C. The protein concentrations were estimated
after the method of Pierce. Equal amounts of protein were
incubated with the respective antibody (1.5 µl of anti-p38, 3
µl of anti-JNK; polyclonal rabbit antibodies, Calbiochem-
Novabiochem, Bad Soden, Germany) shaking for 2 h.
Afterwards immunoprecipitation was performed with protein
A agarose (5 µl) shaking overnight at 4 °C. After centrifugation
(11 180 g, 4 min, 4°C) the precipitates were washed three
times with lysis buffer and once with kinase buffer (containing
20 mM Hepes pH 7.5, 20 mM MgCl2, 25 mM sodium
glycerophosphate, 100 µM sodium vanadate, 2 mM DTT).
Immunoprecipitates were resuspended in 20 µl of kinase buffer,
3 µl of substrate solution (1 mg/300 µl MBP for p38, Sigma,
Deisenhofen, Germany and 1 mg/ml of recombinant c-jun 1-

79, Calbiochem-Novabiochem, Bad Soden, Germany) and a
10 µl volume of ATP mix was added, containing kinase buffer
with 10 mCi/ml [γ32P]-ATP, (3 000 Ci/mmol, Amersham,
Braunschweig, Germany), 5 mM ATP and 2 M MgCl2. The
reaction mixture was incubated at 30  for 20 min shaking.
Phosphorylation was stopped by the addition of 6 µl 5
Laemmli buffer and heating for 3 min at 90 . 30 µl of the
reaction mixture were resolved in a 12 % (MBP) or 15 % (c-
jun) SDS polyacrylamide gel in a Laemmli system at 200 V.
Band intensities were quantified by phosphorimaging (Packard,
Meriden, USA). Ratio of digital light units (DLU) of respective
values vs. controls were determined.

Statistical analysis
Data are expressed as means ± SEM of three to five independent
experiments. A P value of < 0.05 was considered significant
(unpaired student’s t test, Graph Pad Prism, version 3.02).

RESULTS

MAPK activities in the course of ischemia and reperfusion
At the end of cold ischemic storage for 24 h rat livers displayed
a significantly reduced activation of p38 MAPK activity
(Figure 1). The p38 activity even further decreased in the course
of reperfusion and at the end of the 120 min reperfusion period
displayed only 15 % of pre-ischemic values (Figure 1).
       The c-jun N-terminal kinase (JNK) was activated in the
reperfusion period (up to 3-fold). No increase of c-jun phosphorylation
could be measured at the end of ischemia (Figure 2).

Influence of ANP on MAPK activities
When rat livers were pre-conditioned by adding 200 nM of
ANP to the pre-ischemic perfusion buffer the livers displayed
a completely different pattern of MAPK activities. At the end
of the preconditioning period ANP treated organs displayed a
tremendous increase in p38 activity by 12-fold (Figure 3). In
the course of the experiment the p38 activity even further
increased compared to the respective control organs (Figure 3).
       ANP did not affect JNK activity during preconditioning.
However, ANP-pretreated organs showed elevated post-
ischemic JNK activities (Figure 4).

Figure 1  p38 MAPK activities in the course of ischemia and
reperfusion. Livers were perfused through the portal vein with
KH-buffer and snap frozen at 30 min, after 24 h of ischemic
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storage in UW solution (4°C), and after 45 and 120 min of
reperfusion. Deep-frozen organs were lysed and assayed for
p38 MAPK activity as described under “Materials and
Methods”. Determination of density light units was performed
by phosphorimaging and values for the respective time points
are expressed as ration vs. values for pre-ischemic (30 min)
organs. Bars show means ± SEM of three independent perfu-
sion experiments. aP<0.05 and bP<0.01: statistically different
from pre-ischemic 30 min controls.

Figure 2  JNK activities in the course of ischemia and
reperfusion. Isolated perfused rat livers were snap frozen at
30 min, after 24 h of ischemic storage in UW solution (4°C),
and after 45 and 120 min of reperfusion. Deep-frozen organs
were lysed and assayed for MAPK activity as described under
“Materials and Methods”. Determination of density light units
was performed by phosphorimaging and values for the respec-
tive time points are expressed as ration vs. values for pre-is-
chemic (30 min) organs. Bars show means ± SEM of three in-
dependent perfusion experiments. b P<0.01: statistically dif-
ferent from pre-ischemic 30 min controls.

Figure 3  ANP increases the activity of p38 MAPK in the course
of ischemia and reperfusion. Livers perfused with KH-buffer
in the presence or absence of ANP (200 nM) underwent 24 h of
cold ischemic storage and were snap frozen at the respective
time points. p38 MAPK activity was determined as described
under “Materials and Methods”. Density light units were de-
termined by phosphorimaging and values for ANP-treated

organs were divided by mean values for control organs at the
respective time points. Panel A: Bars show means ± SEM of
five independent perfusion experiments with aP<0.05 and bP
<0.01: statistically different from controls at the respective time
point. Panel B: Data show representative autoradiograms.

Figure 4  ANP and JNK activity. Isolated perfused livers were
either left untreated or preconditioned with ANP (200 nM) for
20 min. After 24 h of ischemia and up to 120 min of reperfu-
sion JNK activity was determined as described under “Materi-
als and Methods”. Determination of density light units was
performed by phosphorimaging and values for ANP-treated
organs were divided by mean values for control organs at the
respective time points. Panel A: Bars show means ± SEM of
five independent perfusion experiments with aP<0.05: statisti-
cally different from controls at the respective time point. Panel
B: Data show representative autoradiograms.

DISCUSSION
This work represents a systematic characterization of the stress-
activated p38 MAPK and JNK activities during ischemia and
reperfusion of the isolated perfused rat liver. The following
results were obtained: (I) p38 shows a decreasing activity in
the whole course of ischemia and reperfusion whereas (II) JNK
is only activated during reperfusion. (III) Even more
importantly, our paper reports for the first time that
preconditioning with Atrial Natriuretic Peptide exerts a
tremendous increase of p38 MAPK activation but shows no
effect on JNK.
       Our data on the time course of MAPK activation during
cold ischemia and reperfusion adds further information to the
increasing discussion on the role of p38 MAPK during I/R.
Decreased p38 activity at the end of cold ischemia was also
seen by Iesalnieks et al[14] using a rat liver transplantation
model, but not in the work of the Brenner group which reported
no change of p38 activity[12]. After transplantation activation[14]

as well as no effect on p38 MAPK[12] has been demonstrated.
Since p38 is referred to as a stress-induced MAPK[5] the decline
of p38 MAPK activities we observed in ischemia as well as
reperfusion might surprise. However, p38 activity might not
solely reflect a stress response, but also mediate the induction
of protective mechanisms.
       For JNK convincing evidence is available that this MAPK
is stimulated in the course of reperfusion. The data presented
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here are supported by several other observations of increased
activity of JNK during reperfusion for models of both cold[12,14]

and warm[7] ischemic livers.
       Taken together, MAPK are affected by I/R. The differences
between our data and other work most likely reflect the different
experimental set-up and therefore different basal MAPK
activities and time dependency of activation.
       The most important question arising from this discussion
is the role of MAPKs in I/R injury. To address this question
known protective strategies have to be examined for their effect
on MAPKs during I/R. Up to now, these kinds of studies in
the liver are quite rare. The outcome of our work, namely that
preconditioning with ANP leads to a striking increase of p38
MAPK activities but is without effect on JNK, is therefore of
great importance. Both hyperthermic[26] as well as ischemic[18,19]

preconditioning have also been shown to represent protective
strategies against I/R injury. Both JNK and p38 MAPK were
reported to be activated by hyperthermia[15,18] and a short
time ischemic period of 10 min as used for ischemic
preconditioning [18,19] was shown to activate JNK[8].
       Our data point to p38 MAPK activation as a central signal
transduction pathway of hepatoprotection during I/R. Hypoxic
preconditioning of hepatocytes has recently been shown to also
activate p38 MAPK[17], thus supporting our assumption. For
the heart, in fact, activation of p38 is reported to be a key
signal in protection by ischemic preconditioning[27]. Moreover,
the hepatoprotective action of CO has very recently been
reported to be exerted via p38 MAPK activation[28].
       ANP must be administered at least 20 min before ischemia
in order to protect against I/R injury of the rat liver[21]. Thus,
the strong activation of p38 MAPK at the end of the
preconditioning period i.e. before ischemia is suggested to be
the crucial step in mediating hepatoprotection by ANP.
       The meaning of increased MAPK activities by ANP at
the end of reperfusion periods is less easy to explain. The
augmented MAPK activities might simply reflect the increased
number of vital hepatocytes in ANP preconditioned liver as
compared to untreated tissue.
         In summary, our data represent a systematic investigation
of stress-activated MAPK in the course of ischemia and
reperfusion. Second and even more importantly the
pharmacological activation of MAPK as a mediator of
preconditioning was achieved by the administration of the
cardiovascular hormone ANP. The observation that protective
strategies such as pre-treatment with ANP profoundly interact
with the MAPK signalling cascade suggests them as crucial
mediators of preconditioning.
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