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Abstract
AIM: To investigate the in vivo  effect of atrial natriuretic 
peptide (ANP) and its signaling pathway during ortho-
topic rat liver transplantation.

METHODS: Rats were infused with NaCl, ANP (5 µg/
kg), wortmannin (WM, 16 µg/kg), or a combination of 
both for 20 min. Livers were stored in UW solution (4 °
C) for 24 h, transplanted and reperfused. Apoptosis was 
examined by caspase-3 activity and TUNEL staining. 
Phosphorylation of Akt and Bad was visualized by West-
ern blotting and phospho-Akt-localization by confocal 
microscopy. 

RESULTS: ANP-pretreatment decreased caspase-3 
activity and TUNEL-positive cells after cold ischemia, 
indicating antiapoptotic effects of ANP in vivo . The an-
tiapoptotic signaling of ANP was most likely caused by 
phosphorylation of Akt and Bad, since pretreatment with 
PI 3-kinase inhibitor WM abrogated the ANP-induced 
reduction of caspase-3 activity. Interestingly, analysis of 
liver tissue by confocal microscopy showed translocation 
of phosphorylated Akt to the plasma membrane of hepa-
tocytes evoked by ANP. 

CONCLUSION: ANP activates the PI-3-kinase pathway 
in the liver in vivo  leading to phosphorylation of Bad, 

an event triggering antiapoptotic signaling cascade in 
ischemic liver.

© 2006 The WJG Press. All rights reserved.
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INTRODUCTION
Ischemia reperfusion injury (IRI) is responsible for pri-
mary liver dysfunction and failure after transplantation or 
liver resection[1, 2]. Therefore, reduction of  IRI is of  high 
clinical interest. In order to develop preventive strategies, 
knowledge of  the mechanisms leading to cell death after 
IR is pivotal. The mode of  cell death after IR is originally 
considered to be necrotic, but there is increasing evidence 
that apoptosis plays a role[3-5]. Apoptosis is a highly regu-
lated process resulting in nuclear fragmentation and con-
densation as well as disintegration of  cells into apoptotic 
bodies without release of  cell contents. Subsequently, tis-
sue macrophages such as Kupffer cells phagocytose the 
apoptotic bodies. In contrast to apoptosis, necrosis is a 
passive process characterized by cell lysis. Usually, necrosis 
of  cells causes a local inflammation. However, it has been 
recognized that apoptotic cells also induce inflammatory 
response by triggering neutrophil accumulation into the 
liver[6]. Thus antiapoptotic strategies convey protection 
against hepatic IRI. Apoptosis occurs during the early 
phase of  reperfusion after liver ischemia and after trans-
plantation[3, 5, 7]. However, the extent to which it occurs and 
most importantly its relevance in IRI is still a matter of  de-
bate, which might be due to different experimental models 
for liver IRI[5,7]. 
     Atrial natriuretic peptide (ANP) belongs to the 
natriuretic peptide family including a number of  pep-
tides possessing vasodilating, hypotensive and natriuretic 
activities[8]. In addition to this cardiovascular profile there 
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is ample evidence that ANP exerts cytoprotective actions 
in various cells and organs besides the liver[9-12].
     In the model of  isolated perfused rat liver we observed 
a rather low amount of  apoptotic cells after cold ischemia 
compared to other reports [3]. We could further show that 
pretreatment of  liver with ANP could lead to a significant 
reduction of  hepatocyte apoptosis and necrosis [3]. ANP-
treatment has also been shown to be beneficial in isolated 
rat hepatocytes exposed to hypoxia [13].
     This study was to examine the effect of  ANP-precon-
ditioning in an in vivo model of  liver IRI rat orthotopic 
liver transplantation IRI）and the mechanism of  cell pro-
tection.

MATERIALS AND METHODS
Materials 
Rat ANP, wortmannin and protein kinase A assay kit were 
purchased from Calbiochem/Novabiochem (Bad Soden, 
Germany), Complete® was from Roche Diagnostics 
GmbH (Mannheim, Germany). Rabbit anti-Akt antibody, 
monoclonal mouse anti-phospho Akt (Ser473) antibody, 
rabbit anti-phospho Akt (Ser473) antibody, rabbit anti-
phospho Bad (Ser136) antibody, rabbit anti-phospho Bad 
(Ser112) antibody and rabbit anti-Bad antibody were from 
New England Biolabs GmbH (Frankfurt, Germany). Goat 
anti-rabbit-IgG was from Dianova (Hamburg, Germany) 
and goat anti-mouse-IgG1 antibody conjugated to horse-
radish peroxidase was from BIOZOL (Eching, Germany). 
The secondary antibody (Alexa Fluor 488 goat anti-mouse) 
and rhodamine-conjugated phalloidin were from MoBiTec 
(Göttingen, Germany), [γ32P]-ATP was from Amersham-
Pharmacia (Braunschweig, Germany) and the ApopTaq® 
peroxidase in situ apoptosis detection kit was from Inter-
gen (New York, USA). All other materials were purchased 
from either Sigma (Taufkirchen, Germany) or VWR Inter-
national™ (Munich, Germany).

Animals and orthotopic liver transplantation
Syngeneic male Lewis rats (donors: 207±12 g; recipients: 
276±18 g) were purchased from Charles River Wiga 
(Sulzfeld, Germany) and housed in a temperature-and 
humidity-controlled room under a constant 12 h light/
dark cycle. Animals had free access to water and rat chow 
(SSniff, Soest, Germany), but were fasted with free access 
to water 12 h prior to the operation. All animals received 
humane care according to the criteria outlined in the “Guide 
for the Care and Use of  Laboratory Animals” published by 
the National Institute of  Health (NIH publication 86-23 
revised 1985). Studies were performed with the permission 
of  the government authorities.
     In transplantation experiments donor animals obtained 
either an intravenous infusion of  NaCl or ANP (5 µg/kg). 
For investigation of  signalling pathways additional rats 
were treated with wortmannin (16 µg/kg), DMSO (0.1%), 
or a combination of  ANP and wortmannin for 20 min 
prior to hepatectomy. Blood pressure and heart rate were 
continuously monitored by a catheter in the carotid artery. 
A jugular venous catheter served to apply substances and 
substitute plasma volume. Body temperature was kept 
at 36.5 - 37.5 °C by means of  a heating pad. Donor liv-

ers were preserved by retrograde aortal flush with 10 mL 
UW-solution and stored at 4 °C for 24 h. Before implanta-
tion, the livers were rinsed with cold Ringer’s solution (10 
mL) via the portal vein at a hydrostatic pressure of  10 cm 
H2O. Orthotopic liver transplantation was performed as 
previously described [4]. Grafted livers were simultaneously 
reperfused after completion of  the arterial anastomosis. 
Portal clamping time was less than 20 min in all experi-
ments.
     The graft’s common bile duct was cannulated with 
a PE-tube and bile was collected with its volume deter-
mined. Plasma samples (400 µL) were obtained from the 
recipient before hepatectomy and 60 and 120 min after 
reperfusion of  the transplanted liver. The volume of  the 
blood drawn was replaced by saline. After starting reperfu-
sion, rats received 1.0 mL of  albumin (5%) and 0.5-1.0 mL 
sodium bicarbonate to maintain blood pressure and physi-
ological pH. To avoid fluid loss and drying of  the liver, the 
abdominal cavity was covered with Saran wrap. After 20 
min preconditioning, 24 h cold ischemia, or 120 min re-
perfusion, organs were placed in 4% paraformaldehyde or 
snap frozen in liquid nitrogen.

Histological analysis of tissue
Liver samples were fixed in paraformaldehyde, embedded 
in paraffin, and cut into 6µm sections. TUNEL positive 
cells [15] were determined by staining of  liver sections with 
the ApopTaq® peroxidase in situ apoptosis detection kit 
according to the manufacturer’s instructions. The Apop
Taq® staining results were evaluated in combination with 
morphological criteria. For counting of  apoptotic cells, an 
area of  1.96 mm2 (approximately 4000 hepatocytes) was 
observed by a Leitz Laborlux S microscope.
     For analysis of  pAkt snap frozen livers were cut into 6 
µm sections. Slices were dried overnight at room tempera-
ture. Staining of  pAkt was performed using the mono-
clonal anti-pAkt antibody in 0.2% BSA as the primary 
antibody (1 h, RT) and Alexa Fluor 488 goat anti-mouse 
antibody (1 h, RT). Sections were observed under confocal 
laser microscope (LSM 510 Meta, Zeiss, Jena, Germany). 
All histological evaluations were performed in a blinded 
fashion.

Homogenization of liver tissue for Western blotting
Fifty mg of  liver tissue was homogenized in 1.5 mL of  
lysis buffer (50 mM Tris-HCl, 5 mM EGTA, 1 mM PMSF, 
1 mM Na-vanadate pH 7.0, 40 µL Complete®) containing 
1% Triton® X-100 (Roth, Karlsruhe, Germany) with a 
dounce homogenizer. After centrifugation of  samples 
(14 000 r/min, 15 min, 4 °C), the supernatant was diluted 
with SDS-containing sample buffer. Samples were stored 
at -20 °C for Western blotting.

Immunoprecipitation
Liver tissue was homogenized as described above, 100 µg 
of  protein in 100 µL lysis buffer was incubated with 2.5 µL 
of  primary antibody (rabbit anti-Bad) shaking overnight at 
4 °C. The antibody-antigen complex was precipitated by 
incubation with 10 µL of  washed agarose-A-beads for 2 h, 
followed by centrifugation. The beads were washed three 
times with cold lysis buffer, and resuspended in 40 µL of  3
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× SDS-containing sample buffer. After addition of  40 µL 
1× sample buffer samples were boiled at 95 °C for 5 min 
followed by centrifugation. 

Western blotting
Homogenized livers were treated as described before. 
Proteins in total liver homogenates or immunoprecipitates 
were separated by SDS-Page and visualized after elec-
trophoretical transfer via binding of  specific primary 
and HRP-conjugated secondary antibodies followed by 
chemoluminescent detection. Detection and quantification 
were performed with a Kodak image station (NEN, 
Cologne, Germany).

PKA activity assay
A commercial PKA assay kit was used. Samples (100 µg) 
were homogenized in “extraction buffer” and centrifuged 

as described in the manufacturer’s manual. Supernatants 
were used for measurement of  phosphorylation activity of  
PKA by in vitro phosphorylation of  the specific peptide 
substrate kemptide with [γ32P]-ATP. 

Caspase-3 like activity assay
After homogenization of  100 mg liver tissue in 1 mL lysis 
buffer (25 mM HEPES, 5 mM MgCl2, 1 mM EGTA, pH 
7.5, Complete®), samples were centrifuged (14 000 r/min, 
10 min, 4 °C). Caspase-3 like activity in the supernatants 
was determined as previously reported[3]. Generation of  
free fluorescent 7-amino-4-trifluoro-methylcoumarin 
was measured with a Fluostar analyser (BMG GmbH, 
Offenburg, Germany).

Statistical analysis
All experiments were performed at least three times per 
treatment group. Results were expressed as mean ± SE. 
Statistical significance between 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 was considered statistically signifi-
cant.

RESULTS 

Reduction of apoptotic cell death in vivo induced by ANP-
pretreatment
Apoptotic processes were monitored by measuring cas-
pase-3 activity and TUNEL staining of  liver sections. After 
24 h cold ischemia, an increase of  hepatic caspase-3 activ-
ity (40.5%) compared to sham operated animals was ob-
served, which sustained after 2 h reperfusion (25%). Figure 
1A demonstrates a significant attenuation of  caspase-3 
activity by ANP-preconditioning, which was also observed 
in 2 h reperfused organs after 24 h cold storage. 
    TUNEL-staining of  corresponding liver sections 
confirmed these data. After 24 h cold ischemia apoptotic 
cells were most prominent. Both hepatocytes and 
endothelial cells showed positive TUNEL staining 
combined with characteristic apoptotic morphology. 
    Figure 1B shows that preconditioning of  donor livers 
with ANP (5 µg/kg) significantly decreased the number of  
TUNEL-positive cells after 24 h cold ischemia. A similar 
although less pronounced effect was observed after 2 h 
reperfusion. 

Activation of PI-3-Kinase/Akt pathway induced by ANP 
pretreatment
Infusion of  ANP (5 µg/kg) for 20 min into the donor ani-
mals resulted in a marked increase of  phosphorylated Akt 
(pAkt) in the liver, which was abrogated in the presence of  
the PI-3-Kinase inhibitor wortmannin (Figure 2A). 

Antiapoptotic effects of ANP induced by Akt activation
Figure 2B demonstrates that application of  wortmannin 
(16 µg/kg) prior to ANP infusion completely blocked the 
inhibition of  caspase-3 activity by ANP seen in ischemic 
liver tissue (24 h). Thus, the PI-3-Kinase pathway was 
intimately involved in the antiapoptotic effect of  ANP-

Figure 1  Effect of ANP pretreatment on apoptotic cell death after 24 h ischemia
Animals received an intravenous infusion of NaCl (Co) or ANP (5 µg/kg) for 20 min 
and livers were kept in cold UW-solution for 24 h. A: Caspase-3 activity: Snap-
frozen tissue was homogenized and caspase-3 like activity was determined as 
described. Data were expressed as percentage of caspase-3 activity in untreated 
livers (100%). Columns show mean ± SE, n = 4 animals in each group. bP < 0.01 
vs Nacl treatment. B: TUNEL assay: Snap-frozen tissue was cut into 6 µm slices. 
TUNEL staining was performed as described and apoptotic liver cells per field of 
view (1.96 mm2) were counted. Results were expressed as means ± SE, n = 4 in 
each group. aP < 0.05 vs Nacl treatment.
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preconditioning. 
Translocation of activated Akt to plasma membrane 
induced by ANP
Analysis of  pAkt in liver tissue by confocal microscopy 
confirmed that ANP-pretreatment could lead to a marked 
increase of  pAkt. Interestingly, confocal microscopy re-
vealed a strong localization of  pAkt at the plasma mem-
brane of  hepatocytes (Figures 3A, 3B). Cotreatment of  
animals with wortmannin abrogated both the increase as 
well as the plasma membrane localization of  pAkt induced 
by ANP (Figure 3C).

Phosphorylation of antiapoptotic Bad due to Akt activation 
by ANP
To further examine the antiapoptotic signalling in the liver 
induced by ANP in vivo, a pivotal downstream target of  
pAkt (the Bad protein) was investigated. A representative 
Western blot indicated that Bad was phosphorylated at 

Figure 2  Effect of ANP-preconditioning on PI-3-kinase/Akt pathway. A: After 
intravenous infusion of NaCl (Co), ANP (5 µg/kg), wortmannin (WM, 16 µg/kg), or 
a combination of both (WM/ANP) for 20 min livers were excised and snap frozen. 
pAkt was examined via Western blotting. Data obtained from densitometry were 
presented as percent of Co (100%) and expressed as mean ± SE, n = 4 in each 
group. dP < 0.01 vs ANP treatment; fP < 0.001 vs Co treatment. B: Animals were 
treated as described under A. After 24 h ischemia livers were homogenized and 
caspase-3 activity was determined as described before. Data were expressed as 
percent of caspase-3 activity in untreated livers (Co, 100%) and mean ± SE, n = 4 
in each group. bP < 0.01 vs WM treatment.
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Ser136 by pAkt induced by ANP (Figure 4). ANP in vivo 
did not activate PKA and consequently phosphorylated 
Bad at Ser112 (Figure 5A, Figure 5B). 

DISCUSSION
This study showed that pretreatment of  rats with ANP 
could reduce apoptotic processes mainly occurring after 24 
h cold ischemia in orthotopic rat liver transplantation. In 
this setting ANP activated the PI-3-Kinase/Akt pathway 
leading to Bad phosphorylation and inhibition of  cas-
pase-3 activity, revealing that the PI-3-Kinase/Akt pathway 
is an important cytoprotective mechanism in IRI in vivo. 
    PI-3 Kinases are heterodimers composed of  a catalytic 
subunit (p110) and a regulatory subunit (p85) activated by 
receptors with protein tyrosine kinase activity as well as 
G-protein-coupled receptors[16, 17]. Various growth factors 
such as IGF-1 activate PI-3-Kinase leading to the genera-
tion of  phosphoinositides [PI(3,4,5)P3] and activation of  
Akt, a 57 kDa Ser/Thr kinase. PI-3-kinase regulates Akt ki-
nase activity by generated phospholipids[16, 17]. One mecha-
nism is through the direct binding of  phosphoinositides to 
the pH domain of  Akt, which seems to be critical for the 
in vivo activation of  Akt. A consequence of  Akt binding to 
phospholipids is the translocation of  Akt from cytoplasm 
to the inner surface of  plasma membrane[16, 17]. This trans-
location which we also observed in hepatocytes pretreated 
with ANP, is important for Akt activation. In fact, protec-
tion from apoptotic stimuli in cardiomyocytes and liver 
has been demonstrated using adenovirally mediated gene 
transfer of  membrane-targeted constitutively activated Akt 
[18-21]. However, the constitutively activated form of  Akt 
targeted to the cell membrane results in supraphysiologi-
cal levels of  kinase activity having the potential to induce 
oncogenic transformation. These issues of  feasibility and 
safety concerning an Akt gene therapy are certainly much 
less relevant in a setting of  Akt activation by endogenous 
stimulators such as ANP or others[22-25]. 
     Up to now, protective effects of  ANP against IRI have 
only been demonstrated in ex vivo and in vitro settings such 
as isolated perfused rat liver[3], isolated liver cells[13,26], and 
isolated ischemic heart[27]. The underlying mechanisms 
seem to be highly dependent on the experimental model 
used. For instance, as recently described in the ex vivo 
model, ANP protects hepatocytes from apoptosis after 
cold ischemia by activation of  PKA[28]. ANP treatment of  
hypoxic isolated rat hepatocytes confers its cytoprotection 
via PKC σ and activation of  p38 MAPK[13]. This difference 
might be explained by different modes of  cell death ana-
lyzed.  Focusing on apoptotic cell death, our data showed 
that the in vivo setting revealed a different protective signal-
ling, i.e. activation of  the PI-3-kinase/Akt pathway com-
pared to the isolated perfused rat liver subjected to IR. Ac-
cordingly, activation of  Akt can also protect livers against 
warm IRI[21].  Importantly, both pathways, PKA activation 
and Akt activation, lead to phosphorylation and inactiva-
tion of  Bad protein, suggesting that this protein plays a 
key role in ANP-induced prevention of  ischemia-induced 
apoptosis.
    Bad is a member of  the family of  Bcl-2 proteins func-

Figure 5  Effect of ANP pretreatment on phosphorylation of Bad at Ser112 and 
PKA-activity. A: Animals received an intravenous infusion of NaCl (Co) or ANP 
(5 μg/kg) for 20 min. Homogenized livers were immunoprecipitated using anti-
Bad antibody. Examination of phospho-Bad (Ser112) was done via Western 
blotting. Data obtained in densitometric analysis were presented as mean ± SE, 
n = 3 in each group. Co was set as 100%. B: PKA activity was determined in liver 
homogenates used under (A) by in vitro phosphorylation as described. Results 
were expressed as percent of PKA activity in untreated livers and mean ± SE, 
n = 4 in each group.

Figure 4  Effect of ANP-preconditioning on phosphorylation of Bad at Ser136． 
After intravenous infusion of NaCl (Co), ANP (5 μg/kg), or a combination of 
ANP and wortmannin (WM/ANP) for 20 min livers were excised and snap 
frozen. Homogenized livers were immunoprecipitated using anti-Bad antibody.  
Examination of pBad (Ser136) was done via Western blotting. Data obtained by 
densitometry were presented as mean ± SE, n = 4 in each group. Co was set as 
100%. bP < 0.001 vs control. 
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tioning as apoptosis-regulating factors[29, 30]. Bad in its 
unphosphorylated form binds to and inactivates antia-
poptotic proteins such as Bcl-2 and Bcl-XL leading to 
proapoptotic functions. Phosphorylation of  Bad at either 
of  the two potential sites (Ser112, Ser136) causes Bad to 
dissociate from Bcl-2 or Bcl-XL respectively and to associ-
ate instead with cytoplasmic 14-3-3 proteins preventing 
Bad from dephosphorylation[16]. Akt phosphorylates Bad 
at Ser136 in vivo and mutation of  Bad Ser136 to alanine 
abrogates the blocking effect of  Akt in Bad-induced apop-
tosis. In any case, Bad plays a key role in the Akt survival 
signalling since Bad phosphorylation leads to prevention 
of  cytochrome C release from mitochondria, a hallmark of  
apoptosis induction[16]. 
    We would like to point out that besides acting through 
Bad phosphorylation Akt brings about its function also by 
a variety of  other downstream targets, such as caspase-9, 
forkhead family members or the eNOS enzyme[16]. Akt-
mediated phosphorylation and activation of  the eNOS 
enzyme have been reported to be involved in the antiapop-
totic effect of  insulin in myocardial IR[25]. In line with this 
report a blockade of  the NO synthase worsens hepatic 
apoptosis and liver transplant preservation injury[31]. Since 
we did not observe increased phosphorylation of  eNOS in 
ANP-pretreated livers (data not shown), this mechanism 
does not contribute to the antiapoptotic action of  ANP.
    In conclusion, Bad inactivation by phosphorylation 
should be considered as an important therapeutic target 
preventing IRI during liver transplantation.
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