
PO Box 2345, Beijing 100023, China                                                                                                                                      World J Gastroenterol  2005;11(47):7418-7429
www.wjgnet.com                                                                                                                                          World Journal of Gastroenterology  ISSN 1007-9327
wjg@wjgnet.com                                                                                                                                         © 2005 The WJG Press and Elsevier Inc. All rights reserved.E L S E V I E R

• BASIC RESEARCH  •

prohibited translocation but caused an augmentation 
of Hsp27 phosphorylation. This effect is also mediated 
via p38 MAPK, since it was abrogated by the p38 MAPK 
inhibitor SB203580.

CONCLUSION: This study reveals that ANP-mediated 
p38 MAPK activation leads to changes in hepatocyte 
cytoskeleton involving an elevation of phosphorylated 
Hsp27 and thereby for the first time shows functional 
consequences of ANP-induced hepatic p38 MAPK 
activation.

© 2005 The WJG Press and Elsevier Inc. All rights  reserved.
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INTRODUCTION
Ischemia/reperfusion injury (IRI) remains a serious 
problem after liver surgery or liver transplantation, as it 
is a major cause of  primary nonfunction or dysfunction 
of  the graft[1-3]. In previous studies, we could demonstrate 
that atrial natriuretic peptide (ANP) has protective effects 
on the liver ex vivo, as reperfusion damage in ANP-
preconditioned organs after cold and warm ischemia 
was significantly reduced[4-6]. Recently, Cottart et al[7]. also 
demonstrated beneficial properties of  the peptide on 
the liver after ischemia in vivo. We have previously shown 
that preconditioning with ANP increases p38 mitogen 
activated kinase (MAPK) activity in the liver[8]. Enhanced 
p38 MAPK activity was reported to contribute to the 
protection against hepatic IRI in models of  ischemic 
preconditioning (IPC)[9,10]. Furthermore, other groups 
assigned an important role to p38 MAPK in protection 
against IRI in the heart[11,12].

In contrast, ANP’s cytoprotective effects in post-
ischemic livers are independent of  an activation of  the p38 
MAPK but are mediated via an activation of  protein kinase 
A[13]. Accordingly, the functional significance of  an ANP-
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Abstract
AIM: To determine functional consequences of this 
activation, whereby we focused on a potential regulation 
of the hepatocyte cytoskeleton during ischemia and 
reperfusion.

METHODS: For in vivo experiments, animals received 
ANP (5 µg/kg) intravenously. In a different experimental 
setting, isolated rat livers were perfused with KH-buffer
±ANP (200 nmol/L)±SB203580 (2 µmol/L). Livers 
were then kept under ischemic conditions for 24 h, and 
either transplanted or reperfused. Actin, Hsp27, and 
phosphorylated Hsp27 were determined by Western 
blotting, p38 MAPK activity by in vitro phosphorylation 
assay. F-actin distribution was determined by confocal 
microscopy.

RESULTS: We first confirmed that ANP preconditioning 
leads to an activation of p38 MAPK and observed 
alterations of the cytoskeleton in hepatocytes of ANP-
preconditioned organs. ANP induced an increase of 
hepatic F-actin after ischemia, which could be prevented 
by the p38 MAPK inhibitor SB203580 but had no effect 
on bile flow. After ischemia untreated livers showed a 
translocation of Hsp27 towards the cytoskeleton and an 
increase in total Hsp27, whereas ANP preconditioning 
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mediated p38 MAPK activation in the liver after ischemia/
reperfusion (I/R) remains unknown. We therefore studied 
a potential functional role of  p38 MAPK in the regulation 
of  the hepatocyte cytoskeleton following I/R.

Structural alterations of  the cytoskeleton, such 
as changes of  cell shape of  hepatocytes, sinusoidal 
endothelial cells (SEC), and platelets have been reported 
to cause disturbances of  intracellular transport processes, 
cell motility, and microcirculation following I/R leading 
to dysfunction of  the organ (for review see Refs.[14-16]). 
The subcellular distribution of  filamentous actin (F-actin), 
being an important component of  the cytoskeleton, as well 
as the balance between F-actin and monomeric G-actin 
seem to largely determine the functional outcome[17-19]. 
In liver cells F-actin forms microfilaments, which are 
involved in intracellular transport processes, exo- and 
endocytosis, maintenance of  cell shape, and canalicular 
motility responsible for bile flow[14,18,19]. They are located 
particularly around the bile canaliculi exhibiting regulatory 
functions on bile secretion[17,20], but also in the apical 
membrane region of  hepatocytes ensuring stability and 
mobility[21]. In hepatocytes, a decrease in hepatic F-actin 
content determines inhibition of  store-operated calcium-
channels (SOCs), disruption of  the organization of  the 
endoplasmic reticulum, and functional disturbances of  
tight junctions[19,22,23]. Cytoskeletal disruption caused by the 
administration of  phalloidin or by chemical hypoxia results 
in decreased bile flow and plasma membrane breakdown 
in liver cells[15,24]. Shinohara et al[25]. proved that after warm 
ischemia in vivo, F-actin is reduced in rabbit livers resulting 
in the loss of  cell-integrity and cytoplasmic transport in 
the liver causing damage to organelles and changes in 
cell morphology. The small heat shock protein Hsp27, 
which corresponds to Hsp25 in rodents and is able to 
interact with the cytoskeleton, plays an important role in 
the regulation of  actin dynamics in other cell types[26-30: 
Its phosphorylation leads to an increased conversion of  
monomeric G-actin into actin filaments (F-actin)[31], while 
unphosphorylated Hsp27 inhibits the polymerization of  
actin by binding to the capping end of  actin filaments[32,33]. 
Its functions have been thoroughly investigated in the 
heart, suggesting an involvement of  the heat shock protein 
in cardioprotection after IPC in vitro and in vivo[12,34].

The phosphorylation of  Hsp27 is exhibited by the p38 
MAPK/MAPKAPK2 pathway in different cells and organ 
systems, but has as yet been unknown in the liver[35-38]. As 
mentioned above, ANP activates the p38 MAPK in the 
liver. Due to the lack of  knowledge about the downstream 
targets and functional consequences of  this hepatic 
p38 MAPK activation by ANP, we aimed to determine 
a potential link to cytoskeletal alterations during I/R. 
Since the reported activation of  p38 MAPK by ANP was 
detected as an early signaling event after preconditioning[8], 
we focused on early pre- and post-ischemic events.

Materials and Methods
Materials
Rat ANP and SB203580-HCl were purchased from 

Calbiochem/Novabiochem (Bad Soden, Germany). 
Complete ® was f rom Roche Diagnost ics GmbH 
(Mannheim, Germany), recombinant murine Hsp25 and 
rabbit anti-Hsp25 polyclonal antibody from StressGen 
Biotechnologies (Victoria, Canada), rabbit anti-phospho-
Hsp27 polyclonal antibody from New England Biolabs 
GmbH (Frankfur t , Ger many) , mouse ant i -ac t in 
monoclonal antibody from Chemicon International 
(Hofheim, Germany), rabbit anti-p38 polyclonal antibody 
from Calbiochem-Novabiochem (Bad Soden, Germany), 
peroxidase conjugated goat anti-rabbit-IgG antibody from 
Dianova (Hamburg, Germany), and goat anti-mouse-
IgG1 antibody conjugated to horseradish peroxidase from 
BIOZOL (Eching, Germany).

All other materials were purchased from either Sigma 
(Deisenhofen, Germany), or VWR international™ 
(Munich, Germany). 

Animals
Male Sprague-Dawley rats weighing 200-300 g or male 
Lewis rats (donors: 207±12 g; recipients: 276±18 g body 
mass) were purchased from Charles River Wiga GmbH 
(Sulzfeld, Germany) and housed in a climatized room with 
a 12-h light-dark cycle. The animals had free access to 
chow (Sniff, Soest, Germany) and water up to the time of  
experiments. All animals received humane care according 
to the guidelines for care and use of  laboratory animals. 
The study was registered with the local animal welfare 
committee.

ANP treatment
Under anesthesia Lewis rats received an intravenous 
infus ion of  ANP (5 µg/kg) or NaCl for 20 min. 
Thereafter, livers were excised, kept in cold UW solution 
(4 °C) for 24 h, transplanted into the recipient animal and 
reperfused for up to 2 h. At the indicated times (after 
20-min perfusion, 24-h ischemia, 2-h reperfusion), livers 
were frozen in liquid nitrogen. Bile was collected during 
perfusion and reperfusion and quantified volumetrically. 
The bile flow was calculated per minute and gram liver 
tissue.

For isolated perfused rat liver experiments, Sprague-
Dawley rats were anesthetized with Narcoren (Merial, 
Hal lbergmoos, Ger many, 50 mg/kg body weight, 
intraperitoneally), 250 IU heparin were administered, the 
portal vein was cannulated, and the liver was perfused in 
situ with hemoglobin-free and albumin-free bicarbonate 
buffered Krebs-Henseleit (KH) solution (pH 7.4, 37 °C) 
gassed with 95% O2 and 50 mL/L CO2. The perfusion 
medium was pumped through the liver with a membrane 
pump at a constant f low rate in a non-recirculating 
fashion[5]. After 10 min of  perfusion, ANP (200 nmol/L) 
was added to the perfusion buffer (depending on the 
treatment group), followed by an additional perfusion 
for 20 min. In some groups, SB203580 was added to 
the perfusion buffer from the beginning of  perfusion 
followed by 30 min of  perfusion. After these pretreatment 
procedures, livers were perfused with 30 mL of  cold (4 °C) 
University of  Wisconsin (UW) solution (DuPont Pharma 
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GmbH, Bad Homburg, Germany) for 1 min and stored in 
UW solution (4 °C) for 24 h. After this period of  ischemia, 
the liver was reperfused with KH solution for up to  
45 min. At the indicated times (after 30-min perfusion, 
24 h ischemia, 45-min reperfusion), livers were frozen in 
liquid nitrogen.

Homogenization and fractionation of liver tissue for 
Western blot analysis
A fractionation protocol was employed according to 
published methods with minor modifications[39,40]. Briefly, 
50 mg of  liver tissue were homogenized in 1.5 mL of  
lysis buffer (50 mmol/L Tris-HCl pH 7.0, 5 mmol/L 
EGTA, 1 mmol/L PMSF, 1 mmol/L sodium vanadate, 
40 µL Complete®) containing 1% Triton® X-100 (Roth, 
Karlsruhe, Germany) with a dounce homogenizer. 
Centrifugation at 15 000×g (15 min, 4 °C) delivered the 
cytoskeletal fraction in the pellet; supernatants representing 
the cytosolic fraction were cleared by ultracentrifugation 
(100 000×g, 2.5 h, 4 °C). The pellet was resuspended in 
SDS-containing sample buffer and the cytosolic fraction 
was diluted with the same sample buffer. Samples were 
stored at -20 °C until use for Western blot analysis. 

Immunoprecipitation
Liver tissue was homogenized as described above, but 
not fractionated. Protein concentration was determined 
by the bicinchoninic acid assay method[41]. Five hundred 
micrograms of  protein in 500 µL lysis buffer was 
incubated with 5 µL of  primary antibody (rabbit anti-
Hsp25) with shaking overnight at 4 °C. The antibody-
antigen complex was precipitated by incubation with  
50 µL of  washed agarose-A-beads (Sigma, Deisenhofen, 
Germany) for 2 h, followed by centrifugation. The beads 
were washed thrice with cold lysis buffer and resuspended 
in 25 µL of  3× SDS-containing sample buffer. After 
addition of  25 µL 1× sample buffer, samples were boiled 
for 5 min at 95 °C followed by centrifugation to remove 
the beads. Thirty-five microliters of  the supernatant for 
phosphorylated Hsp27 and 10 µL for total Hsp27 were 
used for protein detection by Western blot analysis.

Western blot analysis
Livers were homogenized, fractionated, and treated as 
described above. Proteins in total liver homogenates, 
fractionated liver samples, or immunoprecipitates were 
separated by SDS-PAGE[42] and, after electrophoretical 
transfer, visualized via binding of  specific first and 
HRP-conjugated secondary antibodies followed by 
chemoluminescent detection (NEN, Cologne, Germany). 
Detection and quantification was performed with a Kodak 
image station (NEN, Cologne, Germany).

Quantification of actin content in liver fractions
After detection of  either F- or G-actin in liver samples 
via Western blot analysis, the densitometric intensity of  
the corresponding bands was used to evaluate the ratio of  
F-resp. G-actin referred to total actin signal (F- + G-actin) 
in the respective sample.

Staining of tissue sections
At the indicated times, livers were snap-frozen in liquid 
nitrogen and cut into 6-µm sections. Slices were dried 
overnight at room temperature. Before staining, samples 
were fixed in 3% formaldehyde for 15 min, rinsed thrice 
with PBS (phosphate buffered saline, pH 7.4, with calcium 
and magnesium), and stained with 1 U of  rhodamine-
conjugated phalloidin (stock solution: 200 U/mL; 
MoBiTec, Göttingen, Germany) and Hoechst 33342. 
Staining was performed for 1 h by gentle shaking in a dark 
room (room temperature). After two more washing steps, 
stained liver sections were covered with Mounting Medium 
(DakoCytomation GmbH, Hamburg, Germany), dried 
overnight, and observed by confocal laser microscopy (LSM 
510 Meta, Zeiss, Jena, Germany).

Kupffer cell depletion
For Kupffer cell (KC) depletion, male Sprague-Dawley 
rats weighing 200-300 g were anesthetized with diethyl 
ether. Then 900 µL of  a solution containing liposome-
encapsulated Cl2MBP were administered 48 h before 
perfusion experiments via a single intravenous injection 
into the tail vein. Animals of  the control group received 
900 µL NaCl instead. After injection, Cl2MBP accumulates 
and induces KC apoptosis. Free Cl2MBP released from 
dead macrophages has an extremely short half  life in 
the circulation and is removed by the renal system. After  
2 d, the livers of  Cl2MBP- and NaCl-pretreated rats were 
perfused for 30 min±ANP (200 nmol/L; 20 min), snap-
frozen, and stored at -85 °C until further analysis.

Immunohistological analysis
Liver slices were fixed for 24 h in buffered formalin 
solution, embedded in paraffin and cut into 2 µm sections. 
Paraffin was removed and samples were pretreated 
by boiling in TRS 6 (Dako, Hamburg, Germany) in 
the microwave. Endogenous peroxidase was blocked 
by treatment with aqueous H2O2 solution. To verify 
KC depletion, ED2 as KC marker (antibody from 
Serotec, Oxford, England) was used. Blue staining of  
ED2-positive cells was realized with the ChemMate 
APAAP Kit (Dako, Hamburg, Germany) based on the 
alkaline phosphatase-anti-alkaline phosphatase method. 
The Alkaline Phosphatase Substrate Kit III (Linaris, 
Wertheim, Germany) served as a substrate for the alkaline 
phosphatase. Samples were counterstained in hematoxylin 
solution.

In vitro phosphorylation assay
Tissue samples (100 µg) were homogenized in ice-
co ld l ys i s buffer (conta in ing 2 mmol/L EDTA,  
137 mmol/L NaCl, 10% glycerol, 2 mmol/L tetrasodium 
pyrophosphate, 20 mmol/L Tris, 1 % Triton® X-100,  
20 mmol/L sodium glycerophosphate, 10 mmol/L sodium 
fluoride, 2 mmol/L sodium vanadate, 1 mmol/L PMSF,  
1× Complete). Samples were centrifuged at 11 180r/min 
and 4 °C for 10 min and aliquots of  the supernatant were 
used for the determination of  protein concentration by 
the bicinchoninic acid assay method[41]. Equal amounts 
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of  protein were incubated with 1.5 µL of  anti-p38 
antibody shaking for 2 h. Afterwards immunoprecipitation 
was performed with 15 µL protein A agarose shaking 
over n ight a t 4 °C. Samples were cent r i fuged a t  
11 180×g (4 °C, 10 min) and pellets were washed thrice 
with lysis buffer and once with kinase buffer (20 mmol/L 
Hepes pH 7.5, 20 mmol/L MgCl2, 25 mmol/L sodium 
glycerophosphate, 100 µmol/L sodium vanadate,  
2 mmol/L DTT). Precipitates were resuspended in 20 µL 
kinase buffer, before 3 µL substrate solution (1 mg/mL 
of  recombinant MBP, Sigma, Deisenhofen, Germany) and  
1 0 µL o f  a n AT P m i x w e r e a d d e d , t h e l a t t e r 
containing kinase buffer with 10 mCi/mL [γ32P]-ATP,  
(3 000 Ci/mmol, Amersham, Braunschweig, Germany), 
5 mmol/L ATP and 2 mol/L MgCl2. The reaction 
mixture was then incubated for 20 min at 30 °C shaking. 
Phosphorylation was stopped by adding 6 µL 5× Laemmli 
buffer and heating for 3 min at 90 °C. Samples were 
separated by SDS-PAGE and band intensities quantified 
by phosphor-imaging (Packard, Meriden, USA). The ratio 
of  digital light units (DLU) of  respective values vs controls 
was determined.

Statistical analysis
All experiments were performed at least thrice per 
treatment group (5 animals per treatment). Results were 
expressed as mean±SE (n = number of  organs). Statistical 
significance between the groups was determined with one 
sample or Student’s t-test using GraphPad Prism® Version 
3.02 for Windows (GraphPad Software Inc., San Diego, 
USA). P<0.05 were considered statistically significant.

results
ANP pretreatment causes increased p38 MAPK activity 
In order to conf i r m our prev ious f ind ings tha t 
preconditioning with ANP increases p38 MAPK activity 
in the l iver [8], rats were treated intravenously with  
200 nmol/L ANP or NaCl and livers were excised and 
homogenized in lysis buffer. Homogenates were analyzed 
by in vitro phosphorylation assay to determine the activity 
of  p38 MAPK. As shown in Figure 1, hepatic p38 
MAPK activity in livers of  ANP-preconditioned rats was 
significantly increased compared to NaCl treated animals. 
These data confirm the stimulatory effect of  ANP on p38 
MAPK in vivo, with increased p38 MAPK activity after 
20 min perfusion representing an early signaling event in 
ANP preconditioning.

ANP preconditioning leads to increased F-actin content 
after ischemia
As an activation of  p38 MAPK has been shown to be 
connected with alterations of  the cytoskeleton in other 
cells and organ systems, we investigated the polymerization 
state of  actin in untreated vs ANP-perfused livers. Liver 
tissue was fractionated into a cytosolic (G-actin) and a 
cytoskeletal (F-actin) fraction in order to discriminate 
between the hepat ic content of  G- and F-act in , 
respectively. In untreated livers, F-actin content did not 
change during ischemia and reperfusion (Figures 2A and 
B). In contrast, ANP-preconditioned livers exhibited 
an obvious augmentation of  F-actin after 24 h ischemia 
accompanied by a decrease in hepatic G-actin, which 
prolonged during reperfusion (Figures 2A and B). Neither 
I/R nor ANP preconditioning altered total hepatic actin 
content. This was examined by homogenizing liver tissue 
and analyzing samples by Western blotting without prior 
fractionation (Figures 2C and D).

Perfusion with SB203580 abrogates ANP-mediated 
increase of hepatocyte F-actin
In order to study the correlation between activation of  p38 
MAPK and cytoskeletal changes in untreated and ANP-
preconditioned livers, we used the specific p38 MAPK 
inhibitor SB203580. Perfusion with 2 µmol/L SB203580 
together with ANP completely abolished the enhanced 
hepatic F-actin content after ANP preconditioning (Figure 
3A). Similarly, inhibition of  p38 MAPK by SB203580 
abrogated the decrease of  G-actin in ANP pretreated liver 
homogenates, so that G-actin content in these samples 
resembled untreated controls (Figure 3B). Perfusion 
with the inhibitor alone did not affect the distribution of  
cytosolic G- and cytoskeletal F-actin in the liver (Figures 
3A and B).

Changes in F-actin by ANP detected by Western blot 
analysis were confirmed by staining of  tissue sections. 
Staining with rhodamine-conjugated phalloidin, which 
specifically binds to F-actin, showed a low fluorescence 
in tissue sections of  untreated livers, which correlated 
with a marginal F-actin content (Figure 4A). Pretreatment 
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Figure 1 Effect of ANP pretreatment on p38 MAPK activity. After intravenous 
infusion of ANP (5 μg/kg) or NaCl (Co) for 20 min livers were snap-frozen and 
homogenized in lysis buffer. Following immunoprecipitation, the assay was 
performed as described in “Materials and methods”, and samples were separated 
by SDS-PAGE. One representative kinase activity assay specific for p38 MAPK 
is shown with n = 2 (out of n = 4) for each treatment group. p38 MAPK activity in 
the liver homogenates is presented as 10-fold control (30-min perfusion), and is 
expressed as mean±SE of n = 4 experiments in each treatment group. bP<0.01 vs 
control.
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with ANP caused very intensive staining of  liver slices, 
representing an obvious increase in hepatic F-actin content 
(Figure 4B).

When stained with rhodamine-conjugated phalloidin, 
slices of  ANP pretreated livers showed very intensive 

staining, representing an obvious increase in hepatic 
F-actin content especially at apical membranes of  
hepatocytes (Figure 4B) confirming the results obtained by 
Western blot analysis. Again, perfusion of  the livers with 
SB203580 abolished the effect of  ANP preconditioning on 

Figure 3 Effect of p38 MAPK inhibition on distribution of F- and G-actin. 20 min prior to ischemia livers were preconditioned with 200 nmol/L ANP or left untreated (Co) 
followed by 24-h ischemia at 4 °C. In different experiments, livers were perfused with SB203580 (2 μmol/L) or with a combination of SB203580 (2 μmol/L) and ANP (200 
nmol/L). After ischemia livers were snap-frozen, homogenized and divided into cytoskeletal (A) and cytosolic (B) fraction by fractionation as described above. Samples were 
analyzed by Western blotting using an anti-actin antibody for detection of F-actin (A) in the cytoskeletal fraction and G-actin (B) in the cytosolic fraction. One representative 
Western blot is shown for each fraction. Bars show percentage of hepatic F-actin (A) or G-actin (B) in ANP, ANP+SB203580 and SB203580 treated livers referring to 
untreated control livers. Results are expressed as mean±SE of n = 4 experiments in each treatment group. bP<0.01 vs control after 24-h ischemia.
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Figure 2 Influence of ANP preconditioning and ischemia on total actin and F-actin content. Livers were perfused for 30 min in the absence or presence of 200 nmol/L 
ANP, which was added 20 min prior to ischemia. Afterwards, livers were kept under ischemic conditions for 24 h (4 °C) in UW solution. At the indicated times, livers were 
snap-frozen, homogenized, and analyzed by Western blot using an anti-actin antibody. For differentiation between F- and G-actin (cytoskeleton and cytosol, respectively), 
liver homogenates were fractionated before Western blot analysis according to “Materials and methods” (A and B). One representative Western blot is imaged for each 
experimental setting.  (A) Western blots representing hepatic F- and G-actin content during IR in untreated (Co) and ANP-preconditioned livers after 30-min perfusion (30' 
perf.), 24-h ischemia (24-h isch.), and 45-min reperfusion (45' rep.). (B) Quantitative/densitometric analysis of F- and G-actin content during IR in untreated (Co) or ANP-
preconditioned livers. Data are expressed as percent of total actin content (F-actin+G-actin=100%) as mean±SE of n = 4 experiments in each treatment group. bP<0.001 
vs appropriate control. (C) Western blot showing total actin in untreated liver homogenates after 30-min perfusion, 24-h ischemia, and 45-min reperfusion. (D) Total hepatic 
actin content after perfusion (30') and ischemia (24-h) in ANP treated or untreated (Co) livers detected by Western blot analysis.

 
 

200

150

100

50

0

F-
ac

tin
 (

%
 C

o)

200

150

100

50

0

G
-a

ct
in

 (
%

 C
o)

Co                ANP               ANP+SB               SB

Co             ANP          ANP+SB           SB Co                ANP           ANP+SB          SB

b

b

Co                   ANP                 ANP+SB                SB

←F-actin
←G-actin

A BF-actin G-actin



Keller M et al. p38 MAPK and hepatic cytoskeleton                                                                                           7423

4

3

2

1

0

M
ea

n 
p3

8 
M

AP
K 

ac
tiv

ity
 v

s.
 C

o

b b

Co                 ANP            Cl2MBP     Cl2MBP+ANP
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of ANP (200 nmol/L) and SB203580 (2 μmol/L) (D): After ischemia (24 h,  
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divided by mean values of the respective control group. Columns show mean±SE 
of 4-5 independent perfusion experiments with bP<0.01 being statistically different 
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F-actin, as it yielded a marginal staining intensity matching 
the intensity of  untreated livers (Figure 4D), linking the 
effect to an activation of  p38 MAPK.

Confocal data showed that changes in hepatic cyto-
skeleton occurred in parenchymal cells. The localization of  
p38 MAPK activation, however, has yet to be determined. 
We, therefore, measured p38 MAPK activation in both 
isolated Kupffer cells as well as in isolated hepatocytes. 
This experiment revealed no activation of  p38 MAPK 
upon ANP treatment in KC, but a significant activation 
in hepatocytes (data not shown). Since the extent of  
activation was lower than that observed in whole livers[8] 
and since ANP has been reported as a regulator of  
Kupffer cell functions[43], we hypothesized that activation 
might occur in whole livers as a paracrine effect of  
Kupffer cells on hepatocytes.

To verify this potential cell interaction, we investigated 

the ANP-mediated effect on p38 MAPK in KC-depleted 
livers. For this purpose, we first audited the Cl2MBP-
dependent KC depletion via immunohistological staining 
of  the macrophages with ED2 antibody (Figure 4E). In 
fact, Cl2MBP led to a depletion of  the KCs compared to 
NaCl-treated livers (Figure 4F). Furthermore, LDH efflux 
into the perfusate was determined to exclude Cl2MBP-
induced liver damage. The measurement indicated no 
increase in LDH-activity and thus no liver toxicity of  
Cl2MBP (data not shown).

Subsequently, ANP-induced p38 MAPK activity was 
measured by determination of  the radioactive labeled 
kinase substrate MBP. Surprisingly, liver perfusion with 
ANP exhibited no differences in kinase activity in KC-
depleted or non-depleted livers (Figure 4F). Due to this 
observation we suggest that ANP mediates p38 MAPK 
activation not via hepatocyte-KC interaction.

Changes of total Hsp27 content and translocation of the 
heat shock protein
As the smal l heat shock protein Hsp27 has been 
demonstrated to be an important downstream target of  
p38 MAPK, which plays a critical role in the regulation of  
F-actin polymerization in different systems, we focused 
on a possible influence of  ischemia on the expression of  
Hsp27 in the liver. Liver homogenates were analyzed by 
Western blot analysis without prior fractionation in order 
to investigate the hepatic content of  total Hsp27. At the 
end of  ischemia, Hsp27 levels in untreated livers were 
significantly higher than after 30-min perfusion (Figure 
5A). This increase persisted during 45 min reperfusion. 

To prove whether changes in total Hsp27 content 
are accompanied by a translocation of  the heat shock 
protein towards the cytoskeleton, as described in previous 
studies[31,32], we investigated its subcellular distribution in 
liver tissue after ischemia. Liver tissue was fractionated, 
Hsp27 content in the cytosolic and cytoskeletal fraction 
was determined by Western blot analysis, and band 
intensity was considered proportional to the content 
of  Hsp27 in the respective fraction. We were able to 
demonstrate that ischemia caused a translocation of  the 
heat shock protein towards the cytoskeleton, as the content 
of  total Hsp27 in cytoskeletal fractions accelerated after  
24 h ischemia (Figure 6A). At this time more than 80% 
of  the heat shock protein was localized in the cytoskeletal 
fraction of  untreated liver homogenates (Figures 6A and B). 
This translocation seemed to decline during reperfusion 
(Figure 6A). 

Interestingly, Western blot analysis of  the whole tissue 
samples revealed that after 24 h ischemia ANP-pretreated 
livers showed significantly lower levels of  total Hsp27 
compared to untreated samples (Figure 5B). Surprisingly, 
the translocation of  the heat shock protein detected in 
control livers was completely missing, so that the content 
of  total Hsp27 in cytoskeletal and cytosolic fraction after 
ischemia was very similar (Figure 6B). Thus, pretreatment 
with ANP apparently both attenuates Hsp27 protein rise 
induced by I/R and prevents the translocation of  Hsp27 
to the cytoskeleton after ischemia.

Figure 5 Changes in hepatic total Hsp27 during ischemia – influence of ANP 
pretreatment. Livers were perfused for 30 min in the presence or absence of 
ANP followed by 24-h ischemia at 4 °C in UW solution and reperfusion for 45 
min. Afterwards, livers were snap-frozen at the indicated times, homogenized 
and analyzed via Western blot using an anti-Hsp27 antibody for detection of total 
Hsp27. One representative Western blot is shown for each experimental setting 
(untreated controls: (A), ANP pretreated livers: (B)). (A) Effect of IR on total 
Hsp27 in the liver. The graph shows percentage of values for untreated livers 
(Co) after 30-min perfusion (30' perf.) as means±SE of n = 4 experiments in each 
group. aP<0.05 vs untreated control after 30-min perfusion. (B) Influence of ANP 
preconditioning on total Hsp 27 after 24-h ischemia. Bars represent total Hsp27 as 
% Co after 24-h ischemia. Data are expressed as means±SE of n = 4 experiments 
in each treatment group. bP<0.01 vs control after 24-h ischemia.
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ANP preconditioning causes increased phosphorylation of 
Hsp27
The influence of  Hsp27 on actin polymerization depends 
on its phosphorylation status. Hence it was important to 
analyze the effect of  ischemia and ANP preconditioning 
on the phosphorylation status of  Hsp27. Detecting 
phospho-Hsp27 by Western blot analysis we obtained 
a significant increase of  phosphorylation of  the heat 
shock protein after ischemia in homogenates of  untreated 
l ivers (Figure 7). In ANP-preconditioned samples 
phosphorylation seen after 30-min perfusion was already 
more intense than in untreated livers but increased even 
more after 24 h ischemia. Resuming these results, ANP 
seems to enhance the phosphorylation status of  Hsp27 
after 30-min perfusion and 24-h ischemia (Figure 7). 

Inhibition of p38 MAPK prevents phosphorylation of 
Hsp27 in ANP pretreated livers
Pretreatment with ANP leads to an enhanced activation 
of  p38 MAPK both in the isolated perfused liver as well 
as in vivo (Ref.[8] and Figure 1). We, therefore, investigated 
a possible connection between p38 MAPK activation and 
phosphorylation of  its downstream target Hsp27 by using 
the specific p38 MAPK inhibitor SB203580. This treat-
ment in fact completely abrogated the increase of  Hsp27 
phosphorylation induced by ANP (Figure 8). Pretreat-
ment with SB203580 alone exerted no significant effect 
on phosphorylation of  Hsp27 (Figure 8). Thus, activation 
of  p38 MAPK is essential for the phosphorylation of  the 
heat shock protein.

Figure 6 Influence of ischemia and ANP pretreatment on Hsp27 distribution. 
After perfusion for 30 min in the absence (A and B) or presence (B) of ANP, 
24-h ischemia in cold UW solution, and reperfusion for 45 min, livers were snap-
frozen, homogenized and fractionated as described in “Materials and methods“. 
Samples were taken at indicated times and total Hsp27 in cytoskeletal (Csk) and 
cytosolic (Csl) fraction was detected via Western blot analysis using an anti-Hsp27 
antibody. One representative Western blot is shown for each treatment group. (A) 
Effect of ischemia and reperfusion on the distribution of total Hsp27 in the liver. 
Quantification of total Hsp27 in the liver samples was verified via densitometric 
analysis of the corresponding bands, which was used to evaluate the ratio of 
Hsp27 in the cytoskeletal fraction (Csk) resp. cytosolic fraction (Csl) referring 
to total Hsp27 signal (cytoskeleton+cytosol) in the respective sample. Data are 
expressed as percent of total Hsp27 in cytoskeletal (F-actin) and cytosolic (G-actin) 
fraction as mean±SE of n=4 experiments in each treatment group. aP<0.05, vs 
Hsp27 content in cytoskeletal fraction in untreated livers after 30-min perfusion. 
(B) Distribution of total Hsp27 in untreated (control) and ANP-preconditioned livers 
after 24-h ischemia. Results are shown as percent of total Hsp27 in cytosolic and 
cytoskeletal fraction. Data are presented as mean±SE of n=4 experiments in each 
treatment group. cP<0.001 vs Hsp27 content in cytoskeletal fraction of untreated 
livers after 24-h ischemia. In ANP treated livers the differences in the values were 
not significant.

Figure 7 Influence of pretreatment with ANP on phosphorylation status of Hsp27. 
After perfusion for 10 min with KH-buffer livers were preconditioned with ANP for 
20 min or left untreated, followed by 24-h ischemia (4 °C) according to the study 
protocol. Samples were taken after 30-min perfusion and 24-h ischemia. Livers 
were snap-frozen and homogenized, followed by immunoprecipitation with an 
anti-Hsp27 antibody and Western blot analysis using an anti-phospho-Hsp27 
antibody. One representative Western blot is shown. Content of phospho-Hsp27 
in the liver homogenates is presented as 10-fold control after 30-min perfusion, 
using the respective control as reference value and expressed as mean±SE of  
n = 4 experiments in each treatment group. Statistical analysis of ANP pretreated 
samples: bP<0.001 vs phospho-Hsp27 in respective control (after 30-min perfusion 
or 24-h ischemia). Statistical analysis of untreated control samples: dP<0.01 vs 
phospho-Hsp27 in control after 30-min perfusion.
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ANP preconditioning shows no effect on bile flow 
The cytoskeleton, more precisely F-actin, plays an 
important role in the maintenance of  liver function[14,18,19]. 
In order to investigate a functional significance of  an 
increase in F-actin after treatment with ANP, we studied 
the bile flow in transplanted organs of  ANP- and NaCl-
treated rats. Bile was collected as described during infusion 
and reperfusion. As shown in Figure 9, no significant 
differences between livers from NaCl-treated and from 
ANP-preconditioned rats could be detected. Thus, ANP-
mediated increase of  hepatic F-actin content does not 
cause an improvement of  bile flow after ischemia.

DISCUSSION
This paper provides an important insight into the changes 
in hepatic cytoskeletal structures during I/R, signaling 

mechanisms in their modulation, and the interference of  
ANP preconditioning with these mechanisms.

Besides its vasodilating, hypotensive, and natriuretic 
activities[44], ANP has been described to protect against 
IRI ex vivo in the liver and in vivo in the heart[7,5,8,45], and to 
strongly activate p38 MAPK[8]. Interestingly, this activation 
has no influence on ANP’s potential to protect from 
hepatic cell death, as previously shown by Kulhanek-
Heinze et al[13]. In the present work, we therefore aimed to 
elucidate other potential functional consequences of  ANP-
induced p38 MAPK activity. In this context, we were able 
to demonstrate a clear coherence between ANP-mediated 
activation of  p38 MAPK in the liver after ischemia 
and structural changes of  the hepatocyte cytoskeleton. 
Interestingly, however, no functional correlation to 
improved bile flow could be established.

Cytoskeleton of hepatocytes during IR
Due to the evidence that activation of  p38 MAPK 
leads to cytoskeletal changes in other systems[46] and 
the lack of  knowledge about similar pathways in the 
liver, we investigated cytoskeletal changes during IR. We 
were able to show that hepatic content of  total actin 
was affected neither by IR alone nor in combination 
with preconditioning of  livers with ANP. Surprisingly, 
F-actin levels were not impaired by ischemia in control 
tissue after I/R. This result does not correspond to the 
findings of  Cutrin et al[47]. who demonstrated structural 
changes of  actin filaments after cold ischemia (120 
min) and particularly after reperfusion (60-90 min) in 
transplanted human livers. Besides different species that 
were investigated, especially the much longer ischemic 
period employed in our model might account for these 
differences. In the kidney, Schwartz et al[30]. found a distinct 
increase of  G-actin, paralleled by apical actin disruption 
after 30 min of  warm ischemia. Again, the length, and 
also the temperature of  ischemia cannot be compared to 
our experimental settings. Moreover, mechanisms in the 
kidney might differ from that in the livers. To the best 
of  our knowledge, our data for the first time describe 
no significant cytoskeletal alterations in rat livers after 
prolonged hypothermic storage.

Cytoskeletal changes in ANP pretreated livers
Recently Gomes et al[28]. proved that IPC preserves rat 
kidneys from IRI by upregulation of  genes coding for 
cytoskeletal proteins. The demonstrated increase in 
mRNA of  these proteins, which have an F-actin-stabilizing 
function, is discussed to contribute to the tolerance of  
preconditioned tissue to ischemia. This effect, which 
was observed already after 30 min of  preconditioning, 
goes along with our findings of  an augmentation of  
F-actin in ANP-preconditioned livers confirming the 
influence of  protective preconditioning (IPC or ANP 
pretreatment) on F-actin content of  the affected tissue. 
Based on the findings that ANP preconditioning as well 
as IPC protects against IRI and due to the importance 
of  F-actin for regulating cell morphology, intracellular 
processes, and bile secretion in liver cells, we hypothesized 

Figure 9 Effect of ANP preconditioning on bile flow. Bile was collected during 
perfusion and reperfusion and quantified volumetrically. Bile flow is expressed 
as μL per min and g liver tissue. Results show mean±SE of n = 4 experiments 
in each treatment group. The differences between untreated (Co) and ANP-
preconditioned group were not significant.
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that an augmentation of  hepatic F-actin after ischemia 
might be a feature of  the cytoprotective activities of  ANP. 
Interestingly, however, although F-actin content increased 
in pretreated organs, we found no improvement of  bile 
flow. Therefore, other functional parameters depending 
on the demonstrated F-actin formation in ANP pretreated 
livers need to be further investigated.

Involvement of p38 MAPK
As there are no data concerning a possible connection 
between p38 MAPK activation and cytoskeletal changes 
in liver tissue, we focused on the effect of  p38 MAPK 
inhibit ion on hepat ic F-act in content after ANP 
pretreatment. We applied the p38 MAPK inhibitor 
SB203580 at a concentration of  2 µmol/L to assure its 
specificity[48]. We demonstrated that perfusion with the 
inhibitor alone does not cause any cytoskeletal changes 
in liver tissue, but completely abolishes the ANP-induced 
effect of  increased F-actin content in pretreated livers. 
Thus, we showed for the first time that ANP-mediated 
p38 MAPK activation leads to hepatic cytoskeletal 
changes by increasing the hepatocyte F-actin content in 
rat livers. To investigate a possible paracrine effect of  KC 
on hepatocytes, p38 MAPK activity was determined in 
KC-depleted livers. Since KC depletion did not alter the 
activation of  p38 MAPK, we suggest that an interaction 
between hepatocytes and KCs is not involved in ANP-
mediated p38 MAPK activation.

Changes in total Hsp27
Analyzing total Hsp27 protein levels, we were able to 
show that the hepatic content of  total Hsp27 increases 
during ischemia. It is a known fact that Hsp27 accumulates 
after cellular stress like hyperthermia[36], but also bacterial 
lipopolysaccharide (LPS) and Cyclosporine A enhance 
Hsp27 levels[49,50]. Thus, cellular stress can lead to an 
increase of  Hsp27 content in the affected tissue elucidating 
the augmentation of  the heat shock protein in the liver, 
which we observed during ischemia in untreated livers. 
This increased expression of  the heat shock protein has 
been discussed to be a protective response, as it provides 
prevention from simulated IRI in canine myocytes[51]. 
Although our results of  an augmentation of  Hsp27 
expression during ischemia, representing a situation of  
cellular stress, confirm these published data, our findings 
are surprising, as energy-dependent processes such as 
protein synthesis seem rather unlikely at 4 °C during a 
period of  24 h. Interestingly, however, such incidents have 
been observed before: Gerwig et al[6]. demonstrated an 
increase of  caspase-3 precursor CPP 32 during an ischemic 
period and Wilhelm et al[52]. proved that cold ischemia 
induces upregulation of  endothelin-1 in the kidney.

Detection of  total Hsp27 in ANP-pretreated livers, 
however, yielded a rather astonishing result, as these 
organs showed markedly decreased levels of  the heat 
shock protein. Interestingly, an increase of  Hsp27 after 
cellular stress and decrease of  the heat shock protein after 
treatment with a substance possessing protective properties 

has been described before for the kidney by Stacchiotti  
et al[50]. Hsp27 overexpression was seen after oxidative stress 
but disappeared after administration of  an antioxidant[50]. 
This effect was ascribed to the cytoprotective effect of  
the antioxidant, which made additional protective Hsp27 
response unnecessary. As ANP has been shown to protect 
against IRI[7,5], the effects seen in pretreated livers could be 
similar to the results of  Stacchiotti et al. Thus, ANP might 
contribute to a protection of  the liver tissue, so that higher 
levels of  total Hsp27 as an additional protective response 
are no longer necessary.

It has to be noted that the functional consequences 
of  changes in Hsp27 expression largely depend on its 
phosphorylation status and on its subcellular distribution, 
which will be subsequently discussed.

Translocation of total Hsp27
Sakamoto et al[34]. demonstrated that in rat hearts ischemia 
induces translocation of  Hsp27 to the cytoskeleton and 
Aufricht et al[26]. showed the same effect in rat kidneys. 
Therefore, we investigated the subcellular distribution of  
the heat shock protein in isolated perfused rat livers after 
ischemia. In fact, significant augmentation of  total Hsp27 
in the cytoskeletal liver fraction could be detected after  
24 h ischemia, suggesting a translocation of  the heat shock 
protein towards the cytoskeleton. Pretreatment with ANP, 
however, completely abolished translocation of  Hsp27 
after ischemia. This observation enforces the assumption 
that ANP radically alters the response of  liver cells to 
ischemia in isolated rat livers.

Phosphorylation status of Hsp27
As functional consequences of  changes in Hsp27 protein 
expression and subcellular distribution largely depend on 
the phosphorylation status of  the heat shock protein, we 
focused on this parameter next.

We p r ove d t h a t i s ch e m i c c o n d i t i o n s c a u s e 
phosphorylation of  Hsp27 in isolated perfused rat liver, 
confirming the results of  Huot et al[53]. who demonstrated 
an increased content of  phosphorylated Hsp27 in 
vascular endothelial cells after oxidative stress. As the 
heat shock protein in its phosphorylated form is able to 
enhance F-actin formation, we expected a higher F-actin 
content in livers after ischemia. Interestingly, we could 
not detect an increase in hepatic F-actin in these organs. 
Since the augmentation of  phosphorylation in untreated 
livers was not excessively high, the resulting effect on the 
cytoskeleton might not be sufficient to induce F-actin 
formation in liver tissue after ischemia.

In contrast, pretreatment with ANP resulted in a much 
stronger increase of  the phosphorylation of  the heat 
shock protein, which could be seen already after perfusion 
and obviously accelerated during ischemia (up to almost 
20-fold of  untreated controls). These findings correlate 
with data presented by Sanada et al[12]. showing changes 
in the phosphorylation status of  Hsp27 after protective 
pretreatment of  organs before ischemia in vivo in terms of  
an increased phosphorylation of  the heat shock protein 
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after IPC. As Sanada et al. furthermore demonstrated 
coherence between Hsp27 phosphorylation and activation 
of  p38 MAPK, we investigated this possible connection 
by perfusion of  the livers with SB203580 in combination 
with ANP. An inhibition of  p38 MAPK reduced the 
phosphorylation status of  Hsp27 to basal levels. Thus, 
our results clearly prove the dependency of  Hsp27-
phosphorylation in the liver on prior activation of  p38 
MAPK.

Alterations of  the cytoskeleton, particularly of  F-actin 
content, are often discussed as a consequence of  changes 
in the phosphorylation status of  Hsp27 in other cell/organ 
systems[54]. We were able to confirm for the first time this 
correlation in the liver by showing an ANP-mediated 
increase of  Hsp27 phosphorylation, which results in an 
accumulation of  hepatic F-actin after ischemia. This effect 
is mediated via p38 MAPK, as an increase of  F-actin in 
the liver after ANP preconditioning was abrogated by the 
p38 MAPK inhibitor SB203580. 

Higher hepatic F-actin levels are thought to stabilize 
the cytoskeleton and to improve contractility resulting 
in improved bile flow after ischemia[15]. Our own data, 
however, do not show improved bile flow upon ANP 
pretreatment. Functional parameters other than improved 
bile flow are therefore hypothesized to be mediated by 
cytoskeletal changes, which need further investigation.

In summary, we were able to show for the first time the 
dependency of  F-actin content in the liver on activation 
of  p38 MAPK and that ANP preconditioning mediates 
changes in the cytoskeleton via an activation of  p38 
MAPK and phosphorylation of  Hsp27 in the liver.
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