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2.1 BACKGROUND AND AIM OF THE STUDY 

 

Ischemia-reperfusion injury (IRI), which is unavoidable in liver transplantation, is a multifactorial 

process that can cause non-function or dysfunction of the graft (Bilzer,M. et al., 2000a, Clavien,P.A. et 

al., 1992b, Jaeschke,H., 1996). These complications are the major cause for retransplantation and 

mortality. An understanding of the mechanisms involved in IRI is essential for the design of therapeutic 

strategies to prevent IRI and thus improve the outcome of liver transplantation. 

In recent years, the Atrial Natriuretic Peptide (ANP) has been demonstrated to posses potential in 

protection against IRI (Bilzer,M. et al., 1994d, Carini,R. et al., 2003b, Cottart,C.H. et al., 2003a, 

Gerbes,A.L. et al., 1998e, Sangawa,K. et al., 2004, Vollmar,A.M. et al., 2001). Nevertheless, many 

questions remain to be answered about signaling pathways involved in ANP-mediated effects and the 

processes responsible for its protective properties. 

The isolated perfused rat liver is a well-investigated model for examination of treatment-mediated 

effects during ischemia and reperfusion (IR) in the liver (Bilzer,M. et al., 1994c, Bilzer,M. et al., 2000b, 

Gerwig,T. et al., 2003h). Using this setting, Kiemer et al. demonstrated that ANP-preconditioning 

increases the activity of p38 MAPK (Kiemer,A.K. et al., 2002l) in isolated perfused livers during IR. 

Functional consequences of an activation of p38 MAPK are widely unknown. This protein kinase has 

been shown to participate in the regulation of cytoskeletal structures in various cells (Landry,J. et al., 

1995b). Thus, our field of interest was to find a causal connection between ANP-mediated effects and 

possible cytoskeletal changes during IR in this model. In respect of IRI in the liver, ANP was 

evidenced to exhibit protective effects also in vivo (Cottart,C.H. et al., 2003b), but so far nothing is 

known about signaling pathways responsible for this action. Apototic cell death in the liver during IR is 

discussed controversial (Gujral,J.S. et al., 2001c, Kohli,V. et al., 1999d, Rosser,B.G. et al., 1995a) and 

ANP was demonstrated to mediate anti-apoptotic effects in the isolated perfuse rat liver (Gerwig,T. et 

al., 2003g, Kulhanek-Heinze,S. et al., 2004c). We therefore aimed to determine whether ANP 

mediates effects in the liver in vivo regarding apoptotic death during IR. 

ANP has not only been shown to have protective properties in IRI but also anti-inflammatory effects in 

vitro (Tozawa,Y. et al., 2002c, Vollmar,A.M. et al., 2001). In previous studies we were able to show 

that ANP prevents TNF-α production in murine macrophages and whole human blood after LPS-
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stimulation (Kiemer,A.K. et al., 2000a). Moreover, we demonstrated that ANP also inhibits TNF-α-

induced activation of NF-κB in human endothelial cells and reduces LPS-induced TNF-α secretion in 

Kupffer cells (KC) (Kiemer,A.K. et al., 2002w, Kiemer,A.K. et al., 2002a). With regard to inflammatory 

processes during LPS-induced endotoxemia TNF-α has been demonstrated to be one of the 

prototypic pro-inflammatory cytokines mediating many of the immunopathological features of this 

disease (Dinarello,C.A., 1997). During sepsis endogenous ANP is suggested to be a regulatory 

mediator, as the level of its precursor Pro-ANP in blood from septic patients has been demonstrated to 

be an important prognostic marker for the outcome of sepsis (Morgenthaler,N.G. et al., 2005a). 

Another topic discussed in this work is therefore the disease pattern of sepsis. This life-threatening 

disorder results from a harmful host response to infection and is the leading cause of death for 

patients in intensive care units (Angus,D.C. et al., 2001a, Cohen,J., 2002f). Despite intensive research 

on the mechanisms involved in the fatal outcome of this disease, few is known about potential 

therapies preventing death of patients suffering from sepsis. 

 

Based on the knowledge of ANP-mediated protective effects during deleterious processes in IRI and 

its anti-inflammatory properties we therefore aimed to answer the following questions: 

 

1. Does pretreatment with ANP cause cytoskeletal changes in the liver during IR in the isolated 

perfused rat liver? 

Which cell type is affected? 

What are the underlying signaling mechanisms for these changes? 

 

2. Is apoptosis of liver cells during liver transplantation influenced by ANP? 

Which anti-apoptotic pathway is involved? 

 

3. Are anti-inflammatory properties of ANP able to maintain survival after LPS-induced septic 

shock? 

How does ANP influence inflammatory processes during endotoxaemia? 
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2.2 ISCHEMIA/REPERFUSION INJURY (IRI) 

 

 

2.2.1 General aspects 

 

Although substantial progress has been made in surgical techniques, preservation of organs and 

optimization of pretreatment procedures, dysfunction or non-function of the graft after transplantation 

is still a severe problem causing complications and mortality after liver transplantation. IRI causes up 

to 10 % of early organ failure and can lead to acute and chronic rejection in transplanted patients 

(Fellstrom,B. et al., 1998, Howard,T.K. et al., 1990). Consequently, minimizing the damaging effects of 

IRI could significantly increase the number of patients that may undergo a successful liver 

transplantation. For this reason it is important to understand the mechanisms underlying IRI in order to 

design therapeutic strategies.  

IRI in the liver can be divided into two phases: First, deprivation of oxygen during ischemia activates 

deleterious processes in the cells. The resulting damage is even amplified in the second phase, the 

following restoration of oxygen supply during reperfusion (Carini,R. et al., 2003a). 

Hypoxic conditions occurring during ischemia lead to a disruption of the mitochondrial respiratory 

chain followed by depletion of ATP and breakdown of energy metabolism in the cell (Nishimura,Y. et 

al., 1998, Paxian,M. et al., 2003a). Consequences of ATP deprivation are the disturbance of ion 

homoeostasis, an increase in intracellular calcium, and an activation of calcium dependent proteases, 

which in turn cleave proteins essential for cellular survival and function (Kohli,V. et al., 1999b, 

Sindram,D. et al., 1999).  

During reperfusion, when oxygen supply of the tissue is restored, the formation of reactive oxygen 

species (ROS) plays a crucial role (Teoh,N.C. et al., 2003a). ROS are released by Kupffer cells (KC), 

the resident liver macrophages, which are rapidly activated after early reperfusion and contribute to 

tissue damage due to activation of proteases, nitric oxide synthases, phospholipases and 

endonucleases, which in turn are responsible for oxidation of cellular lipids, cytoskeleton disruption, 

membrane damage, and DNA degradation. ROS are therefore suggested to act as direct cytotoxin to 
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epithelial cells (EC) and hepatocytes (Bilzer,M. et al., 1999b, Clavien,P.A. et al., 1992a). 

KC also produce pro-inflammatory mediators including TNF-α, interleukins, platelet-activating factor 

(PAF), and chemokines attracting neutrophiles to migrate to the injured tissue. In a vicious circle, 

interleukins further promote the production of ROS, the release of TNF-α stimulates KC to produce 

even more TNF-α, and attraction of ROS releasing neutrophiles causes an additional increase in ROS 

levels and, moreover, disturbances in microcirculation. These disturbances again induce vascular 

congestion, edema, and further infiltration of inflammatory cells (for review see (Selzner,N. et al., 

2003, Teoh,N.C. et al., 2003b)). IRI is therefore characterized by inflammatory processes, 

deterioration of cell structure and disturbances of microcirculation in the affected tissue – events that 

cause death of hepatic cells subsequently leading to loss of function of the organ. 

 

 

2.2.2 Tissue damage and IRI: apoptosis or necrosis? 

 

The relevance of apoptotic versus necrotic cell death in ischemia/reperfusion is still controversial. 

When liver cells are irreversibly damaged during ischemia they can undergo necrotic or apoptotic cell 

death, whereas the switch to the respective kind of cell death is suggested to depend on the severity 

of the death-inducing stimulus. Thus, moderate hypoxia may induce apoptosis and severe hypoxia 

may induce necrosis (Kaplowitz,N., 2000). Nevertheless, some groups consider apoptosis the major 

type of cell death during IR: Several studies demonstrate that 50-70 % of endothelial cells and 40-60 

% of hepatocytes undergo apoptosis during reperfusion (Gao,W. et al., 1998a, Kohli,V. et al., 1999c, 

Rudiger,H.A. et al., 2003). Moreover, inhibition of apoptotic cell death, for example by treatment with 

caspase inhibitors (Cursio,R. et al., 1999c, Natori,S. et al., 2003), suppression of expression of pro-

apoptotic genes via small interference RNA (Contreras,J.L. et al., 2004a), or overexpression of anti-

apoptotic genes (Bilbao,G. et al., 1999, Selzner,M. et al., 2002) prevents cell death and improves 

survival after prolonged periods of ischemia.  

However, the results of other groups indicating hepatocellular necrosis to be responsible for IRI 

yielded a controversy over the past years about the type of cell death occurring during reperfusion 

(Clavien,P.A. et al., 2001, Gujral,J.S. et al., 2001b, Jaeschke,H. et al., 2004a, Redaelli,C.A. et al., 
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2002, Teoh,N.C. et al., 2003c). 

A possible solution of this conflict might be the presence of both types of cell death during reperfusion, 

which was described by Lemasters et al. as “necrapoptosis” (Lemasters,J.J., 1999). The author 

suggests that necrosis and apoptosis can be induced by the same stimulus, with the progression to 

one of theses forms of cell death depending on the presence or absence of ATP. In this context the 

onset of mitochondrial permeability transition (MPT) which is followed by mitochondrial uncoupling and 

ATP depletion plays the key role in electing the necrotic or apoptotic pathway. On the one hand, ATP 

depletion after MPT onset has been demonstrated to cause necrotic cell death (Qian,T. et al., 1997). 

On the other hand, it leads to mitochondrial swelling followed by release of cytochrome c, activation of 

the caspase cascade, and subsequent apoptotic cell death (Liu,X. et al., 1996). This theory is 

confirmed by data of other groups demonstrating that in case of a prevention of ATP-depletion 

necrotic cell death does not occur (Leist,M. et al., 1997, Nicotera,P. et al., 1999, Paxian,M. et al., 

2003b). 

With respect to IRI in the liver, ANP pretreatment has been shown to cause prevention of apoptosis 

and necrosis ex vivo (Gerwig,T. et al., 2003f). Therefore, aim of the study was to investigate the in 

vivo effect of ANP on apoptosis during liver transplantation and its signaling pathway during orthotopic 

rat liver transplantation.  

 

 

 

2.3 ROLE OF THE PI3-KINASE PATHWAY IN APOPTOTIC CELL 

DEATH 

 

2.3.1 Apoptosis and necrosis 

 

Apoptosis is a highly regulated process, which was first described by Kerr et al. in 1972 and is 

responsible for elimination of excess cells during development and damaged cells during regular 

tissue turnover (Kerr,J.F. et al., 1972b). It is characterized morphologically by chromatin condensation, 
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nucleosomal DNA degradation, cell shrinkage, and blebbing of the plasma membrane, which results in 

the separation of the cell into small vesicles called “apoptotic bodies” (Kerr,J.F. et al., 1972a, 

Walker,N.I. et al., 1988). Structural alterations of the cell surface ensure that apoptotic bodies are 

recognized and phagocytized either by macrophages or parenchymal cells and subsequently 

degraded within lysosomes (Duvall,E. et al., 1985). Degradation of apoptotic cells is a result of 

activation of caspases and endonucleases, which induce cleavage of structural proteins, repair 

enzymes, and DNA. Caspases, which represent a family of cystein-dependent aspartate-specific 

proteases, play a crucial role in the progression of apoptosis (Nicholson,D.W. et al., 1997). They are 

expressed constitutively as inactive proenzymes composed of an N-terminal prodomain and two 

subunits, and are activated through proteolytic cleavage of the zymogen. Apoptotic cell death is mostly 

limited to a single cell or a small group of cells antagonising inflammatory processes by maintenance 

of an intact plasma membrane, thus preventing the release of potentially inflammatory cell content 

(Walker,N.I. et al., 1988). However, previous findings suggest that apoptotic cell death can be equally 

effective as necrosis in inducing hepatic inflammation by triggering neutrophil accumulation in the liver 

tissue (Faouzi,S. et al., 2001, Jaeschke,H., 2002, Yin,X.M. et al., 2003b). 

In contrast to apoptosis, necrosis is a passive, barely regulated process occurring in response to a 

variety of harmful conditions and cytotoxic substances, such as hyperthermia, cellular trauma, 

metabolic poisons, etc.. This from of cell death is characterized by cell swelling and lysis, and typically 

induces local inflammation by release of cytoplasmatic components, which in turn attract phagocytes 

(Raffray,M. et al., 1997, Walker,N.I. et al., 1988). 

As demonstrated in various studies, dysregulation of apoptosis pathways in the liver contributes to 

diseases like hepatocellular carcinoma, viral hepatitis, autoimmune hepatitis, ischaemia-reperfusion 

injury, toxic liver damage and acute liver failure (Jaeschke,H. et al., 2004b, Nakamoto,Y. et al., 2003, 

Yin,X.M. et al., 2003a). Therefore, it is essential to find new strategies for a successful intervention in 

apoptotic pathways for protection against tissue damage in the liver. The influence of ANP on 

apoptotic signaling in the liver is thus an attractive target for investigation of protective strategies 

against IRI. 
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2.3.2 Involvement of PI3-kinase in anti-apoptotic signaling 

 

2.3.2.1 PI3-kinases 

 

Phosphatidylinositol 3-kinases are heterodimers composed of a catalytic subunit (p110) and a 

regulatory subunit (p85), the latter being activated by receptors with protein tyrosine kinase activity as 

well as by G-protein-coupled receptors (Datta,S.R. et al., 1999f, Osaki,M. et al., 2004a). They are 

characterized by their ability to phosphorylate inositol ring 3`-OH groups in inositol phospholipids. 

Binding of the ligand (for example growth factors such as IGF-1) to its receptor results in association 

of the SH-domain of PI3-K with the receptor, followed by allosteric activation of the catalytic subunit of 

PI3-K (figure 1). Consequently, active PI3-K causes immediate generation of the second messenger 

PIP3 (phosphatidylinositol-3,4,5-triphosphate), which is responsible for recruitment of other signaling 

proteins containing a pleckstrin homology (PH)-domain to the plasma membrane. 

 

2.3.2.2 Akt kinase 

 

The 57 kDa serine/threonine kinase Akt, also termed PKB due to sequence homologies with PKA and 

PKC, is the cellular homologue of the transforming oncogene of AKT8 onciovirus (Datta,S.R. et al., 

1999e, Scheid,M.P. et al., 2001). To date, three members of the Akt family have been identified, 

namely Akt1, Akt2, and Akt3 (PKB α,β,γ), which are closely related to each other, with up to 80 % of 

amino acid homology. The amino-terminus of each Akt isoform contains a PH-domain, while its kinase 

domain is similar to that of PKA and PKC. As described in 2.3.2.1, PIP3 recruits proteins with PH-

domains to the plasma membrane, thus causing translocation of Akt towards the membrane (figure 

1). This translocation brings Akt into proximity with other PH-domain-containing enzymes such as 

PDK-1 (3-phosphoinositide-dependent kinase 1). PDK-1 then phosphorylates Akt at threonine 308 in 

the activation loop, thereby enabling binding of ATP to its substrates. For full kinase activation, 

additional phosphorylation at serin 473 is necessary, but the kinase responsible, termed PDK-2, has 

not been identified yet. Possible candidates are PDK-1, the protein kinase ILK (integrin-linked kinase), 

and Akt itself (Brazil,D.P. et al., 2001, Persad,S. et al., 2001, Toker,A. et al., 2000). 
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2.3.2.3 Bad 

 

Bad is a member of the family of Bcl-2 proteins functioning as an apoptosis-regulating factor 

(Chao,D.T. et al., 1998, Downward,J., 2004c). Several members of the Bcl-family promote survival 

(including Bcl-2, Bcl-XL, BAG, A1, MCL-1), while others induce apoptotic cell death (including Bad, 

Bcl-Xs, Bax, Bak). In viable cells anti-apoptotic proteins are localized in membranes such as the outer 

mitochondrial membrane, the endoplasmic reticulum, and the nuclear membrane, anchored through 

an additional carboxy-terminal hydrophobic domain. The pro-apoptotic proteins, in contrast, are mainly 

found in the cytosol (Krajewski,S. et al., 1993, Wolter,K.G. et al., 1997). Interaction of the proteins and 

formation of homo- and heterodimers play a crucial role in prevention or activation of apoptotic 

processes (Datta,S.R. et al., 1999d). Thus, Bad in its unphosphorylated form binds and inactivates 

anti-apoptotic proteins such as Bcl-2 or Bcl-XL leading to proapoptotic effects (figure 1). 

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 associate instead with the cytoplasmic 14-3-3 proteins 

preventing Bad from dephosphorylation and subsequently promoting cell survival. 

Three kinases have been suggested to phosphorylate Bad at three different residues: Erk 1/2 and 

PKA phosphorylate Bad at Ser 112, Akt at Ser 136, while PKA is additionally able to phosphorylate 

Bad at Ser 155 (Downward,J., 2004b). 

Various studies report an essential role of Bad as a downstream target of Akt in anti-apoptotic effects 

of this kinase. For example, Akt promotes survival of neurons via phosphorylation of Bad at Ser 136 

(Datta,S.R. et al., 1997b). Moreover, it has been shown in different tumor cells that Akt inhibits 

apoptosis by phosphorylating Bad (Datta,S.R. et al., 1997a, del Peso,L. et al., 1997, Fernando,R.I. et 

al., 2004). Akt also phosphorylates Bad at Ser136 in vivo and mutation of Bad Ser 136 to alanine 

abrogates the blocking effect of Akt in Bad-induced apoptosis (Datta,S.R. et al., 1999c). 

In summary, all these studies demonstrate that Bad plays a key role in the Akt survival signaling. 

However, due to the lack of knowledge about signaling pathways regarding prevention of apoptosis of 

liver cells after IR, aim of the present study was to elucidate a possible participation of the PI3-kinase 

pathway and thus Akt-dependent phosphorylation of Bad during this insult. 
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figure 1: Mechanisms of Bad inactivation via the PI3-kinase pathway 
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2.4 HEAT SHOCK PROTEINS AND CYTOSKELETON 

 

2.4.1 Heat shock proteins 

 

Stress or heat shock proteins (Hsp) were first discovered in 1962 as a set of highly conserved proteins 

with cytoprotective properties, whose expression was induced by different kinds of cellular stress 

(Ritossa,F., 1996). These proteins were shown to be ubiquitous and abundant in nearly all cellular 

compartments with their expression and activation dependent on stimuli contributing to cellular stress, 

like heat shock, oxygen deprivation, ROS, cytokines, etc.. According to their molecular weight they are 

divided into four major families: Hsp90, Hsp70, Hsp60, and the small Hsp (Hsp27 and α-crystallin) 

(Georgopoulos,C. et al., 1993). Hsp function – mostly in an energy-dependent manner - as so called 

“molecular chaperones” with responsibility for the import of proteins into cellular compartments, folding 

of proteins, degradation of unstable proteins, resolution of protein complexes, refolding of misfolded 

proteins, and control of regulatory proteins (Santoro,M.G., 2000). Induction of Hsp in response to 

stress correlates with increased resistance of the cells to subsequent damage. The stress-induced 

transcription requires the activation of a transcription factor , namely heat shock factor (HSF), which 

then binds to the heat shock responsive element (HRE) on the DNA, whereas the high specificity of 

each heat shock protein results from multiple HSFs and a cell type specific allocation of Hsp 

(Morimoto,R.I., 1998). Previous studies have shown that the induction of the heat shock response 

requires the activation and translocation of Hsp to the nucleus (Ellis,S. et al., 2000, Ohgitani,E. et al., 

1999).  

A characteristic feature of small Hsp, namely Hsp27 (which corresponds to Hsp25 in mouse and rat) 

and α-chrystallin, is their oligomerization of unphosphorylated monomers to large protein aggregates 

(>500 kDa) (MacRae,T.H., 2000). Hsp27, an ATP-independent chaperone, which was first isolated 

and described by Miron et al. 1988 (Miron,T. et al., 1988), facilitates the refolding of partial 

denaturated proteins into active conformations in vitro (Jakob,U. et al., 1993). Moreover, it can act as 

a regulator of actin polymerization (Benndorf,R. et al., 1994d). It has been shown in previous studies 

in vitro and in vivo that expression of Hsp27 is in accordance to DNA-binding activity of HSF (Ito,H. et 
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al., 1996, Kato,K. et al., 1998). To date four differents HSFs have been identified and recently, HSF-1 

was demonstrated to be responsible for activation of Hsp27 mediated effects in renal cells (Riordan,M. 

et al., 2004). 

 

2.4.2 Influence of Hsp27 on cytoskeletal structures 

 

Post-translational regulation of Hsp27 via phosphorylation is essential for cytoprotective properties of 

the heat shock protein (Landry,J. et al., 1995a, Lavoie,J.N. et al., 1995). In respective studies a 

nonphosphorylatable form of Hsp27 was used in Chinese hamster cell lines, which were no longer 

resistant against heat shock, showed higher sensitivity against cellular stress, and exhibited a 

significant deceleration in regeneration of cytoskeletal structures. The latter observation, indicating a 

regulation of actin dynamics actually is the most important function of Hsp27, and has therefore been 

investigated intensively in various systems (Aufricht,C. et al., 1998b, Dalle-Donne,I. et al., 2001, 

Gomes,M.D. et al., 2003, Panasenko,O.O. et al., 2003). 

Prior studies on the interaction of Hsp27 and cytoskeletal proteins demonstrate that, in its 

unphosphorylated form, Hsp27 inhibits the polymerization of actin by binding to the capping end of 

actin filaments, thus preventing actin monomers (G-actin) from binding to actin filaments (F-actin) 

(Benndorf,R. et al., 1994c, Wieske,M. et al., 2001). Moreover, Miron et al. demonstrated that 

unphosphorylated Hsp27 contributes to the depolymerization of filamentous (F-) actin into monomeric 

G-actin in vitro (Miron,T. et al., 1991). 

However, when phosphorylated, Hsp27 dissociates from actin filaments, thereby inducing the 

conversion of G-actin into actin filaments (Arrigo,A.P. et al., 1994). The phosphorylation of the heat 

shock protein is regulated via the MAPK-signaling cascade. Phosphorylation at Ser 82 and Ser 15, 

promoting the dissociation of Hsp27 multimers, is achieved by activation of p38 MAPK and 

subsequent phosphorylation of MAPKAPK-2, which in turn directly phosphorylates Hsp27 (Lambert,H. 

et al., 1999, Landry,J. et al., 1995c). This activation pathway of the heat shock protein has been 

described in different cells and organ systems, but has as yet been unknown in the liver 

(Freshney,N.W. et al., 1994b, Murashov,A.K. et al., 2001b, Nakano,A. et al., 2000a). The function of 

Hsp27 as a cytoprotective mediator of cytoskeletal stabilization has been thoroughly investigated in 
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the heart, suggesting an involvement of the heat shock protein in cardioprotection after ischemic 

preconditioning in vitro and in vivo (Cohen,M.V. et al., 2000, Sakamoto,K. et al., 2000c, Sanada,S. et 

al., 2001e). 

Sakamoto et al. additionally demonstrated that in rat hearts ischemia induces translocation of Hsp27 

to the cytoskeleton (Sakamoto,K. et al., 2000b), and Aufricht et al. showed the same effect in rat 

kidneys (Aufricht,C. et al., 1998a). This reallocation of Hsp27 accompanied by cytoskeletal changes 

was also observed in pancreas tissue of rats (Schäfer,C. et al., 2000), cardiomyocytes of rabbits 

(Armstrong,S.C. et al., 1999), and human keratinocytes (Wong,J.W. et al., 2000), therefore suggesting 

an interaction of Hsp27 with the cytoskeleton to be important for its regulatory function in actin 

polymerization. 

 

2.4.3 Actin polymerization 

 

Actin filaments are dynamic structures which undergo permanent reconstruction. This persistent 

assembly and disassembly is very important for their functional role inside the organism. Representing 

5 % of total cellular protein, actin is available in the cell in equal shares as monomeric form (G-actin) in 

the cytosol and filamentous chains (F-actin) in the cytoskeleton and cellular membranes. F-actin is 

composed of two strands of actin polymers, which are twisted in a helical structure. As shown in 

figure 2, the polymerization of actin is an energy-dependent process.  

 

 

 

 

 

 

 

 

 

figure 2: Schematic illustration of actin polymerization (see text for details) 
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Monomeric actin binds to adenosine-triphosphate (ATP), which is hydrolyzed to adenosine-

diphosphate (ADP) immediately after attachment of G-actin monomers to the actin filament. Vice 

versa, as soon as ATP binds to the complex and replaces ADP, which is important for stabilization of 

the F-actin strand, actin depolymerization occurs, leading to separation of G-actin monomers 

(Kuhn,T.B. et al., 2000b). 

The balance of intracellular F- and G-actin is regulated by actin binding proteins, which are divided 

into two classes, depending on their regulatory function (McGough,A., 1998): monomer binding 

proteins, for example thymosine, are responsible for retention of G-actin in the cytosol of cells and 

instant allocation of actin monomers when actin polymerization is necessary for reparation or 

stabilization of cellular structures. The second class of actin binding proteins can attach to polymeric 

structures like F-actin, thus influencing polymerization, but also crosslinking of F-actin chains. The 

actin depolymerizing factor (ADF) is one example for such a regulator protein (Kuhn,T.B. et al., 

2000a). Following dephosphorylation of ADF, this actin binding protein enhances the F-actin turnover 

by increasing actin depolymerization and cleaving filaments. The capping proteins also belong to the 

second class of actin binding proteins (Landry,J. et al., 1995d). This proteins bind to the “capping end” 

of actin filaments and prevent the attachment of additional actin monomers. A representative of these 

proteins is Hsp27, which regulates F-actin polymerization by means of occupying the G-actin binding 

end of actin filaments, thus inhibiting polymerization (see 2.4.2). 

In the liver actin filaments are present predominantly in the plasma membrane of hepatocytes and 

sinusoidal cells (Song,J.Y. et al., 1996a). They are responsible for maintenance of cell morphology, 

intracellular transport processes, exo- and endocytosis, and canalicular motility responsible for bile 

flow (Denk,H. et al., 1986, Fisher,M.M. et al., 1979, Marceau,N. et al., 2001). In addition cytoskeletal 

structures are important to ensure stability and mobility of liver cells and play an important role in the 

regulation of store-operated calcium-channels (SOCs), and in the organization of the endoplasmic 

reticulum and tight junctions (Marceau,N. et al., 2001, Song,J.Y. et al., 1996c, Wang,Y.J. et al., 2002a) 

(Arias I.M., 2001b). 
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2.5 THE ATRIAL NATRIURETIC PEPTIDE 

 

 

Atrial natriuretic peptide (ANP) is a peptide hormone, which was first described in 1981 by De Bold et 

al. (de Bold,A.J. et al., 1981). Besides ANP, more natriuretic peptides have been discovered: brain 

natriuretic peptide (BNP), C-type natriuretic peptide (CNP) and dendroaspis natriuretic peptide (DNP) 

(Levin,E.R. et al., 1998a, Richards,A.M. et al., 2002). This year, Fry et al. even found three additional 

natriuretic peptides in the venom of the Australian snake Oxyuranus microlepidotus, which are 

structurally different from ANP/BNP, but have not been further characterized yet (Fry,B.G. et al., 

2005).  

ANP, with its circular structure composed of 28 amino acids (see figure 3), is generated by cleavage 

of its precursor hormone pro-ANP, which has to be released by previous cleavage of Pre-pro-ANP 

(Suttner,S.W. et al., 2004a, Vesely,D.L., 2003). The structure of ANP (see figure 3) shows a ring of 17 

amino acids which is characteristic for natriuretic peptides, with a disulfide linkage between two 

cystein residues being essential for biological activity (Currie,M.G. et al., 1984). 

 

 

 

 

 

 

 

 

 

 

 

figure 3: Structure of ANP  
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ANP is secreted predominantly by cardiomyocytes upon atrial distension caused by volume 

expansion, occurring for example in congestive heart failure and kidney disease, and has been 

described to possess natriuretic, diuretic and vasorelaxant properties (for review see (Suttner,S.W. et 

al., 2004b)). 

BNP is particularly released by ventricular myocardial cells, while CNP is primarily expressed in the 

central nervous system and in vascular endothelium (Levin,E.R. et al., 1998b). With respect to 

biological functions of natriuretic peptides, CNP has been suggested to be a local vascular regulator. 

ANP and BNP have an important function in the regulation of blood pressure and volume homeostasis 

by balancing the renin-angiotensin-aldosterone system, thus exhibiting natriuretic and also diuretic 

effects predominantly in the kidney. Moreover, ANP has been demonstrated to protect against IRI  and 

to have anti-inflammatory effects (Carini,R. et al., 2003d, Vollmar,A.M. et al., 2001). 

 

 

2.5.1 Receptors and signaling mechanisms 

 

Natriuretic peptides (NP) mediate their effects via interaction with the NP receptor (NPR), with three 

different types identified to date (Misono,K.S., 2002, Tremblay,J. et al., 2002). 

The NPR-A receptor binds ANP with a higher affinity than BNP, whereas CNP exerts its properties via 

NPR-B. Both receptors possess an intracellular kinase-like domain and a catalytic guanylyl cyclase 

domain, which is activated after binding of NPs to the receptor, and in turn increases the intracellular 

level of cyclic guanosine monophosphate (cGMP) (see figure 4). The third NPR, however, is 

structurally different, as it does not contain a guanylyl cyclase domain and only a short intracellular 

domain. NPR-C functions as a clearance receptor responsible for removing excessive NPs from the 

bloodstream. Moreover, this receptor is suggested to mediate inhibition of adenylyl cyclase activity, to 

cause activation of phospholipase C, and to be responsible for ANP-mediated inhibition of COX-2 

expression in LPS-stimulated macrophages (Hu,R.M. et al., 1992, Kiemer,A.K. et al., 2002m, 

Palaparti,A. et al., 2000). 
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figure 4:  Natriuretic peptide receptors (NPR) and their ligands.  

 

 

Various studies on knockout mice lacking NPR-A proved that this receptor is essential for ANP-

mediated effects (Melo,L.G. et al., 2000, Pandey,K.N. et al., 1999). With regard to IRI in the liver, the 

protective properties of ANP depend on cGMP-mediated signaling pathways, as the cGMP-analogue 

8-Bromo-cGMP exactly mimicked ANP-induced effects. 

cGMP exerts its regulatory functions by interaction with several cGMP receptor proteins. It has been 

demonstrated that cGMP-dependent protein kinases (PKG) are responsible for mediation of cGMP 

dependent actions in different cell types (Lohmann,S.M. et al., 1997, Pfeifer,A. et al., 1999). 

Interestingly, in higher concentrations, cGMP is also able to activate cAMP-dependent protein kinases 

(PKA) (Cornwell,T.L. et al., 1994). Another possibility for interaction of cGMP with the cAMP signaling 

pathway is via binding to specific phosphodiesterases (PDE), thus stimulating (PDE type II) or 

inhibiting (PDE III) the degradation of cAMP (Lincoln,T.M. et al., 1993). Moreover, in heart and 

kidneys, cGMP has been shown to regulate a cGMP-gated ion channel, therefore contributing to 

natriuretic effects in these tissues (Biel,M. et al., 1998). 
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2.5.2 Effects ANP during IR and inflammatory processes 

 

2.5.2.1 ANP and IRI 

 

Besides its vasodilating, hypotensive, and natriuretic activities (Kourie,J.I. et al., 1999b, Kourie,J.I. et 

al., 1999a, Vesely,D.L., 2001), ANP has been described to protect against IRI ex vivo in the liver and 

in the (Bilzer,M. et al., 1994b, Carini,R. et al., 2003e, Gerbes,A.L. et al., 1998d, Kiemer,A.K. et al., 

2002f), and protective effects in the liver have even been demonstrated in vivo (Cottart,C.H. et al., 

2003c). Perfusion of livers with ANP prior to ischemia and reperfusion markedly reduced cell 

damaged, apoptosis in hepatocytes, necrosis in hepatocytes and endothelial cell, and furthermore 

improved bile flow (Bilzer,M. et al., 1994a, Gerwig,T. et al., 2003e). 

Investigation of underlying signaling mechanisms suggested that ANP mediates its hepatoprotective 

actions via reduced activation of the redox sensitive transcription factors NF-κB and AP-1 resulting in 

decreased expression of the cytokine TNF-α (Kiemer,A.K. et al., 2000k, Kiemer,A.K. et al., 2000l). 

Moreover, Bilzer et al. demonstrated an influence of ANP on Kupffer cell (KC) mediated injury of liver 

tissue. Their results showed that ANP was able to protect liver cells against oxidative stress of 

activated Kupffer cells without influencing superoxide formation of KC (Bilzer,M. et al., 1999a). 

Furthermore, ANP activates the heat shock transcription factor (HSF) paralleled by an increase of 

protein levels of the heat shock protein Hsp70 (Kiemer,A.K. et al., 2002e), which is not only discussed 

to grant thermotolerance, but also to protect against ROS-induced damage and IRI (Becker,J. et al., 

1994, Terajima,H. et al., 2000). As demonstrated by Kiemer et al., ANP increases the activity of p38 

mitogen activated kinase (MAPK) in the liver (Kiemer,A.K. et al., 2002k). This MAPK is suggested to 

possess protective properties in the liver and heart after IR (Sanada,S. et al., 2001d, Schauer,R.J. et 

al., 2003, Teoh,N. et al., 2002). 

Taken together, ANP seems to mediate its protective effects in the liver by either directly preventing 

the production of mediators of cell damage or by improvement of the cellular resistance to cytotoxic 

products. In order to evaluate the potential of ANP as a new pharmaceutical agent mediating 

protective effects during IR, the influence of ANP on signaling pathways involved in IRI of the liver in 

vivo were further investigated. 
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2.5.2.2 ANP and inflammation  

 

ANP has been demonstrated to possess cytoprotective actions in various cells and organs besides the 

liver. A growing body of evidence describes the ability of ANP to prevent LPS-induced inflammatory 

processes. In macrophages, ANP has been shown to inhibit the LPS-mediated induction of inducible 

nitric-oxide synthase (iNOS), therefore preventing the formation of NO, an important mediator of 

inflammation (Kiemer,A.K. et al., 1997b, Kiemer,A.K. et al., 1998a, Kiemer,A.K. et al., 2001). 

Moreover, treatment of macrophages with ANP causes inhibition of LPS-induced cyclo-oxygenase-2 

(COX-2) and decreases TNF-α production after treatment with LPS (Kiemer,A.K. et al., 2000b, 

Kiemer,A.K. et al., 2002p, Tsukagoshi,H. et al., 2001b). 

Besides these in vitro observations, inhibition of the ANP receptor binding involved inflammation in 

vivo in rats with serotonin (5-HT2A) receptor- mediated acute hemodynamic changes (Tozawa,Y. et al., 

2002b), also pointing to anti-inflammatory properties of ANP. Furthermore, ANP increased 

phagocytosis in LPS-stimulated KCs in combination with deceleration of TNF-α release by the liver 

macrophages (Kiemer,A.K. et al., 2002b). In bovine pulmonary microvascular and macrovascular 

endothelial cells stimulated with TNF-α or bacterial endotoxin (LPS), ANP treatment inhibited NF-

kappaB activation and TNF-α synthesis, thus preventing inflammatory processes (Irwin,D.C. et al., 

2005b). This anti-inflammatory effect of the peptide was also demonstrated in human umbilical vein 

endothelial cells (HUVEC), as ANP prevented TNF-α induced NF-κB activity and expression of 

monocyte chemoattractant protein-1 (MCP-1) (Kiemer,A.K. et al., 2002v, Weber,N.C. et al., 2003b). 

Finally, ANP has also an important function in regulating the plasma volume during endotoxemia 

(Qu,X.W. et al., 1998a), and the ANP precursor Pro-ANP is even suggested as a prognostic marker in 

septic patients (Morgenthaler,N.G. et al., 2005b), emphasizing ANP as a potential protective 

endogenous mediator in sepsis. To date, however, there are no data explaining the signaling 

mechanism responsible for ANP-mediated effects during endotoxemia. 

In summary, the anti-inflammatory potential of ANP is of high interest making ANP a major target of 

subsequent studies (for review see (Fürst,R. et al., 2005a, Fürst,R. et al., 2005b, Kiemer,A.K. et al., 

2005, Vollmar,A.M. et al., 2001). 
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2.6 SEPSIS 

 

2.6.1 General aspects 

 

Sepsis, a life-threatening disorder that arises from the body’s response to infection, is the leading 

cause of death for patients in an intensive care unit, with its overall mortality of 30-50 % exceeding 

that of almost all common cancers (Angus,D.C. et al., 2001b, Cohen,J., 2002e).  

The first characterization of this deadly disease reaches back to 1879 when Louis Pasteur for the first 

time showed bacteria to be present in blood from patients suffering from “puerperal septicaemia”. The 

“concept of endotoxin-induced shock and death” was then described in 1894 by Pfeiffer. However, a 

definition of sepsis was reached only in 1992 (American College of Chest Physicians/Society of 

Critical Care Medicine Consensus Conference, 1992): “Sepsis is the response of the host to microbial 

infection with evidence of systemic inflammation, consisting of two or more of the following: increased 

or decreased temperature or leukocyte count, tachycardia, and rapid breathing. Septic shock is sepsis 

with hypotension that persists after resuscitation with intravenous fluid.”  

During sepsis the most common site of infection are the lungs, abdominal cavity, urinary tract, and 

primary infections of the bloodstream. This infection is initiated by gram-negative bacteria in 25-30 % 

of septic patients. Gram-positive and polymicrobial infections account for 30-50 % and 25 % of cases, 

respectively (Annane,D. et al., 2005b). 

As septic patients ultimately die from multiple organ failure, which in early stages of endotoxemia 

develops from failure of a single organ, maintenance of organ function is an important target of 

investigation. The kidney is one of the affected organs during endotoxemia (Cohen,J., 2002g, 

Guijarro,C. et al., 2001a). Due to the knowledge about ANP influencing functional parameters of the 

kidney during endotoxic shock in rats (Aiura,K. et al., 1995b), aim of the present study was to 

elucidate potential anti-inflammatory effects of ANP during endotoxemia in this organ. 

 

 



2 Introduction 

 
 

26

2.6.2 Pathogenetic networks in sepsis 

 

The pathogenetic network of cellular events causing organ dysfunction in patients suffering from 

sepsis is very complex and has therefore not been completely elucidated. An important effect 

occurring during endotoxemia is the activation of coagulant pathways (Cohen,J., 2002b). Following an 

infection with LPS or other microbial components, the expression of tissue factor (TF) on endothelial 

cells is induced. TF in turn activates proteolytic cascades, followed by formation of thrombin, which 

then generates fibrin from fibrinogen. Simultaneously, levels of plasminogen activator inhibitor-1 (PAI-

1) are increased resulting in disruption of fibrinolyis (figure 5). Subsequently, increased production of 

fibrin causes inadequate tissue perfusion and organ failure due to aggregation of fibrin clots in small 

vessels. This coagulant effect is amplified by concomitant downregulation of anti-coagulant proteins 

such as antithrombin, protein C, and tissue factor pathway inhibitor (Okajima,K., 2001). 

Besides this activation of blood coagulation, the release of pro-inflammatory mediators such as TNF-α 

and IL-1 by endothelial cells, neutrophils, and monocytes increases the production of NO by inducing 

the expression of iNOS. Consequently, NO provokes further vascular instability, cellular dysoxia by 

inhibition of the mitochondrial respiratory chain, in combination with disruption of epithelial tight 

junctions (Annane,D. et al., 2005c). The release of ROS, TNF-α, interferon γ, and high mobility group 

box 1 (HMGB1) from macrophages also contributes to loss of function of the endothelial structure 

causing further instabilization of the vascular system (Woltmann,A. et al., 1998). Activation of the 

complement system, increased expression of adhesion molecules on neutrophils, and subsequent 

migration of activated leucocytes from the bloodstream into inflammatory tissue leads to additional 

deleterious effects on organ function (Holub,M. et al., 2003). In addition, a significant increase in 

lymphocyte apoptosis has been observed in septic patients, consequently provoking an increased 

susceptibility to hospital-acquired infection (Hotchkiss,R.S. et al., 1999, Hotchkiss,R.S. et al., 2001). In 

summary these detrimental events occurring during endotoxemia culminate in coagulopathy, fever, 

vasodilatation, and capillary leak finally causing multiple organ failure and death of patients (see 

schema in figure 5). 
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figure 5: The pathogenetic network during sepsis (see text for details). LPS: Lipopolysaccharide,  
LTA: lipoteichoic acid, PG: peptidoglycan, TF: tissue factor, PAI: plasminogen-activator-inhibitor 

 

The major problem in successful treatment of sepsis is the complexity of challenge and the enormity of 

problems inside the organism of patients once the challenge has been successfully addressed. 

Indeed, two new therapies have made it to market, namely Drotecogin (recombinant human activated 

protein C) (Bernard,G.R. et al., 2001) and low doses of hydrocortisone (Annane,D. et al., 2002), but 

theses treatments are only effective in the early management of septic shock. Moreover, promising 

strategies such as inhibition of mediators of the inflammatory cascade (for example TNF-α, interleukin 

1, platelet activating factor, or NO synthase) failed to improve survival of patients (Marshall,J.C., 

2003). Therefore, it does not astonish that to date a reliable, successful treatment of septic patients is 

an unrealized request. 



2 Introduction 

 
 

28

2.6.3 Toll-like receptors 

 

In both, insects and vertebrates, the rapid response to pathogens is called innate immunity. In 

Drosophila the protein Toll is responsible for recognition of pathogens and activation of the innate 

immune response (Lemaitre,B. et al., 1996). In 1997 Medzhitov et al. found the human homologue of 

this protein, which is a type I transmembrane protein with an extracellular domain consisting of a 

leucine-rich repeat (LRR) domain and a cytoplasmic domain homologous to the cytoplasmic domain of 

the human interleukin (IL)-1 receptor (Medzhitov,R. et al., 1997a). This observation gave rise to 

extensive investigation of this protein, and up to now, ten members of the Toll like receptor (TLR) 

family have been defined (Cohen,J., 2002a). The ligands of TLRs are incompletely identified, and are 

apparently not limited to microorganisms, but rather to stimuli that might generally be perceived as 

danger for the host. Examples for TLR ligands from microorganisms are peptidoglycan from Gram-

positive bacteria and bacterial lipoprotein from Gram-negative bacteria, both recognized by TLR2. 

TLR5 binds flagellin from bacterial flagella, whereas TLR9 binds to conserved motifs in bacterial DNA 

(Yamamoto,M. et al., 2004a). Important for endotoxemia induced by lipopolysaccharide (LPS), an 

endotoxin from the cell-wall of Gram-negative bacteria, was the observation of Poltorak et al. in 1998 

(Poltorak,A. et al., 1998). They showed that mutation in the gene encoding for TLR4 in mice causes 

defects in LPS-signaling. Thus, they identified TLR4 as the receptor responsible for LPS-mediated 

signaling.  

The engagement of TLRs on macrophages, neutrophiles, and endothelial cells activates multiple 

signal transduction cascades that lead to alterations in gene expression, particularly nuclear factor κB 

(NF-κB) dependent gene expression (Yamamoto,M. et al., 2004b). This transcription factor is crucially 

involved in pro-inflammatory cytokine expression (see 2.6.4). Subsequently, the generated 

inflammatory mediators can act on the cell in an autocrine fashion, on neighbouring cells in a 

paracrine, and on distant tissues in an endocrine manner, evoking new signaling cascades, all 

together being responsible for the consequences of infection in the organism (Beutler,B., 2004). 
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2.6.4 Signaling pathways during LPS-induced sepsis 

 

After infection of the host, LPS is carried in the blood by a specific carrier protein, namely 

Lipopolysaccharide-binding protein (LBP) (Cohen,J., 2002c). This interaction causes monomerization 

of LPS, thus transforming it into the bioactive formation (Schromm,A.B. et al., 1996). Through the 

surface-bound CD14 receptor the endotoxin interacts with cells of the innate immune system 

(Wright,S.D. et al., 1990) (see schema figure 6). As previously shown, CD14 is not only present as 

membrane-bound receptor, but also in a soluble form in the circulation (Cohen,J., 2002d). The 

endotoxin-CD14 complex then engages the LPS-specific receptor TLR4 (2.6.3) and thus initiates 

intracellular signaling. For activation of TLR4, the cell-surface molecule MD-2 is essential, which is 

suggested to be responsible for correct positioning of the receptor on the cell surface (Shimazu,R. et 

al., 1999, Yang,H. et al., 2000). 

Each TLR possesses its own TIR (Toll/IL-1 receptor/resistance motif) domain responsible for 

interaction with adaptor proteins such as the myeloid differentiation protein MyD88 in case of TLR4. 

These adaptors have been demonstrated to be crucial for the cellular response to LPS-binding 

(Kawai,T. et al., 1999, Zhang,F.X. et al., 1999a). In addition to MyD88, subsequent elements recruited 

to the TLR4 activation complex are the IL-1 receptor associated kinase (IRAK) and TNF-α receptor-

associated factor (TRAF6) (Medzhitov,R. et al., 1997b, Medzhitov,R. et al., 1998). The essential role 

of IRAK and TRAF-6 has been demonstrated in mutants in vitro and in knock-out studies in vivo 

(Cao,Z. et al., 1996, Lomaga,M.A. et al., 1999, Zhang,F.X. et al., 1999b). However, the mechanism by 

which TRAF6 activates the IκB kinase (IKK) complex downstream in the course of LPS-mediated 

signaling is not understood yet. IKKα and IKKβ form the IKK complex together with IKKγ (also named 

NEMO for NF-κB essential modulator) (DiDonato,J.A. et al., 1997, Rothwarf,D.M. et al., 1998). Upon 

phosphorylation, IKK rapidly phosphorylates its downstream target, the NF-κB inhibitor proteins IkB at 

two phosphorylation sites (Ser 32 and Ser 36 in IκBα) (Whiteside,S.T. et al., 1997). Once 

phosphorylated, IκBs undergo polyubiquitination by a specialized E3 ubiquitin ligase complex known 

as E3 IκB(DiDonato,J. et al., 1996, Winston,J.T. et al., 1999, Yaron,A. et al., 1998). Polyubiquitinated 

IκBs are then targeted for rapid degradation by the S26 proteasome, thus releasing NF-κB and 

facilitating translocation of the transcription factor into the nucleus (Karin,M. et al., 2000). The NF-κB 
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family so far consists of five identified members: p65 (also named RelA), RelB, c-Rel, p50/p105, and 

p52/p100. In unstimulated cells these proteins exist in homo- or heterodimers in the cytosol, 

inactivated through binding to their inhibitor IκB (Chen,L.F. et al., 2004b). The classical NF-κB 

heterodimer, which is p50/p65, is predominately regulated by IκBα (Beg,A.A. et al., 1995b, 

Klement,J.F. et al., 1996a). After secession of phosphorylated IκB, NF-κB with its two subunits is able 

to migrate from the cytosol into the nucleus, where it binds to the DNA. Subsequently, the activation of 

transcription of NF-κB target genes is induced and even further enhanced via direct acetylation of 

histones, which surround these genes, by the p65 subunit of NF-κB (Chen,L. et al., 2001). Among the 

target genes of NF-κB are those encoding for TNF-α, IL-1, and also IκBα, thus displaying not only a 

starting point of inflammatory processes, but also a negative regulatory response to NF-κB activation 

(Brown,K. et al., 1993, Sun,S.C. et al., 1993). 

Ultimately, the binding of LPS to TLR4 provokes immense production of inflammatory cytokines, which 

are then released into the circulation by the LPS-responding cells.  

Note: In this study only the LPS-mediated effects on NF-κB activation are further investigated  

(figure 6). Besides this signaling cascade infection with LPS might also lead to the activation of MAPK 

pathways causing for example activation of the activator protein-1 (AP-1) transcription factors, jun and 

fos (Irie,T. et al., 2000, Ninomiya-Tsuji,J. et al., 1999), but this signaling pathway is not further 

specified in this work. 
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figure 6: Signaling pathways leading to NF-κB activation during LPS-induced sepsis.  
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3. Materials and Methods 
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3.1 THE ISOLATED PERFUSED RAT LIVER 

 

3.1.1 Animals 

Male Sprague-Dawley rats (weight range: 200-300 g) 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 (Ssniff, Soest, Germany) and water and received human care. All studies were performed 

with the permission of the government authorities and in accordance with the German Legislation on 

Laboratory Animal Experiments. 

 

 

3.1.2 Materials and solutions 

3.1.2.1 Materials 

Atrial Natriuretic Peptide (ANP, rat), SB203580 (SB), and Wortmannin (WM) were purchased from 

Calbiochem/Novabiochem (Bad Soden, Germany). Narcoren® was from Merial GmbH (Halbergmoos, 

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

International™ (Munich, Germany). 

 

3.1.2.2 Solutions 

Krebs-Henseleit buffer (KH buffer) pH 7.4 

NaCl   118 mM 

KCl   4.8 mM 

KH2PO4  1.2 mM  

MgSO4    1.2 mM 

CaCl2   1.5 mM 

NaHCO3  25 mM 
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3.1.3 Experimental setting 

 

Liver perfusion was performed by Dr. Tobias Gerwig (Department of Pharmacy, University of Munich, 

Munich, Germany). 

As described by Gerbes et al. (Gerbes,A.L. et al., 1998c), male Sprague-Dawley rats were anaesthetized 

with Pentobarbital (Narcoren®, 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- and 

albumin-free bicarbonate buffered Krebs-Henseleit (KH) solution (pH 7.4, 37 °C) gassed with 95% O2 and 

5% CO2. The perfusion medium was pumped through the liver at a constant flow rate in a non-

recirculating manner. 

 

 

 

 

 

 

 

 

 

figure 7: Isolated liver perfusion: Livers were perfused with KH buffer before ischemia for 30 min either in the 
absence or in the presence of 200 nM ANP, ±SB (2 µM) given 20 min prior to ischemia. Livers were 
kept under ischemic conditions for 24 h in University of Wisconsin solution (UW solution) and 
reperfusion for 45 min. Organs were excised and snap-frozen at the indicated times (n=6 animals in 
each treatment group). 

 

 

After 10 min of perfusion with KH buffer, ANP (200 nM) was added to the perfusion buffer (depending on 

the treatment group), followed by an additional perfusion for 20 min. When indicated, SB was added to 

the KH buffer followed by 30 min of perfusion (figure 7). 

Subsequently, livers were perfused with 30 ml of cold (4 °C) University of Wisconsin (UW) solution 

(DuPont Pharma GmbH, Bad Homburg, Germany) for 1 min and stored in UW solution for 24 h at 4 °C 

under ischemic conditions. 
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Following ischemia, livers were reperfused with KH solution for up to 45 min. The graft’s common bile 

duct was cannulated with a PE-tube and bile was collected and its volume determined. Bile flow was 

calculated per min and g liver tissue. At the indicated times (after 30 min perfusion, 24 h ischemia, 45 min 

reperfusion), livers were snap-frozen in liquid nitrogen and stored at -85 °C until further examination (see 

also figure 7). All experiments were performed with n=6 animals for each treatment group. 

 

 

3.1.4 Homogenization and fractionation of liver tissue for Western 

Blot analysis 

 

A fractionation protocol was employed according to published methods with some modifications 

(Carey,D.J. et al., 1987a, Carey,D.J. et al., 1987b, Fox,J.E. et al., 1992). Briefly, 50 mg of liver tissue 

were homogenized in 1.5 ml of lysis buffer (50 mM Tris-HCl pH 7.0, 5 mM EGTA, 1 mM PMSF, 1 mM 

Na3VO4, 40 µl Complete®) containing 1% Triton® X-100 (Roth, Karlsruhe, Germany) with a dounce 

homogenizer. After centrifugation at 15,000xg (15 min, 4 °C) the cytoskeletal fraction remained in the 

pellet. Supernatants, representing the cytosolic fraction, were cleared by ultracentrifugation (100,000xg, 

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.  

 

 

3.1.5 Quantification of actin content in liver fractions 

 

After detection of F- and G-actin in liver samples by Western Blot analysis, the densitometric intensity of 

the corresponding bands was used to evaluate the ratio of F-, and G-actin respectively to total actin  

(F- + G-actin) in the corresponding sample. 
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3.2 RAT LIVER TRANSPLANTATION 

 

3.2.1 Animals 

 

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 chow (Ssniff, Soest, Germany), but were 

fasted with free access to water 12 h prior to the operation. All studies were performed with the 

permission of the government authorities and in accordance with the German Legislation on Laboratory 

Animal Experiments.  

 

 

3.2.2 Materials and solutions  

 

Materials and solutions used for in vivo experiments are described in chapter 3.1.2. 

 

 

3.2.3 Experimental setting 

 

In vivo experiments with ANP were performed by Dr. Uwe Grützner (Institute for Surgical Research, 

Klinikum Großhadern, University of Munich, Germany). 

In transplantation experiments donor animals obtained a 20 min intravenous infusion of either 0.9 % NaCl 

or ANP (5 µg/kg b.w.) prior to hepatectomy. For investigation of signaling pathways additional rats were 

treated with Wortmannin (WM, 16 µg/kg b.w., in 0.1 % DMSO), DMSO (0.1%), or a combination of ANP 

and WM (see figure 8). 
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figure 8: ANP pretreatment in vivo: Rats received an intravenous infusion of 0.9 % NaCl, ANP (200 nM), 
Wortmannin (16 µg/kg b.w.), or various combinations for 20 min. The liver was excised, kept for 24 
h under ischemic conditions, transplanted into recipient, and reperfused for up to 2 h. Livers were 
excised at the indicated time points, snap-frozen, and stored at -85 °C until further investigation. 

 

 

Donor and recipient operations were performed under ether anesthesia after premedication with atropine 

(0.1 mg/kg b.w.). Blood pressure and heart rate were continuously monitored by a catheter in the carotid 

artery. A jugular catheter was used to apply substances and substitute plasma volume. Body temperature 

was kept between 36.5 °C and 37.5 °C by means of a heating pad. Donor livers were preserved by 

retrograde aortal flush with 10 ml UW-solution and stored at 4 °C for 24 h. Prior to implantation, the livers 

were rinsed with 10 ml of cold Ringer’s solution (B. Braun Medical Inc., Irvine, CA, USA) via the portal 

vein at a hydrostatic pressure of 10 cm H2O. 

Orthotopic liver transplantation was performed using a modified cuff technique as described (Schauer,R.J. 

et al., 2004). Grafted livers were simultaneously reperfused after completion of the arterial anastomosis. 

Portal clamping time was less than 20 min in all experiments. 

The graft’s common bile duct was cannulated with a PE-tube and bile was collected and its volume 

determined. The bile flow was calculated per min and g liver tissue. Plasma samples (400 µl) were 

obtained from the recipient before hepatectomy as well as 60 and 120 min after reperfusion of the 

transplanted liver. The removed blood volume was replaced by saline. After starting reperfusion, rats 

received 1.0 ml of albumine (5%) and 0.5 – 1.0 ml sodium bicarbonate solution to maintain blood 

pressure and physiological 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 reperfusion, a small section of each organ 
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was placed in 4% paraformaldehyde and embedded in paraffin wax for TUNEL staining. The remaining 

organ was snap frozen in liquid nitrogen and stored at -85 °C until further analysis  

(figure 8). All experiments were performed using n=4 animals for each treatment group. 

 

 

3.2.4 Determination of activities of serum aminotransferases and 

lactate dehydrogenase 

 

Activities of serum aminotransferases (alanine transferase (ALT), aspartate transferase (AST)) and LDH 

were determined as established markers of hepatic injury. Activities were measured by Dr. Uwe Grützner 

(Institute for Surgical Research, Klinikum Großhadern, University of Munich, Germany) 2 h after 

reperfusion using a serum multiple analyzer (Olympus AU 2700, Germany) at 37 °C. 

 

 

3.2.5 PKA activity assay 

 

This assay was performed with a commercial PKA assay kit obtained from Calbiochem. Tissue samples 

(100 µg) were homogenized in ice-cold “extraction buffer” and centrifuged as described in the 

manufacturer’s manual. Supernatants were used for measurement of PKA activity by in vitro 

phosphorylation of the specific peptide substrate kemptide with [γ32P]-ATP. 

 

 

3.2.6 Caspase-3-like activity assay 

 

Caspase activity was measured by applying a synthetic peptide substrate which is coupled to a 

fluorophor. Cleavage of the fluorogenic substrate by the activated caspase leads to increased 

fluorescence.  
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After homogenization of 100 mg liver tissue in 1 ml of lysis buffer (25 mM HEPES, 5 mM MgCl2, 1 mM 

EGTA (pH 7.5), Complete®), samples were centrifuged at 14,000 rpm (10 min, 4 °C). In the supernatants, 

caspase-3-like activity was determined as reported previously (Gerwig,T. et al., 2003c, Gerwig,T. et al., 

2003d). Briefly, generation of free fluorescent 7-amino-4-trifluoro-methylcoumarin (AFC) from the 

substrate DEVD-AFC (Sigma, Deisenhofen, Germany) was measured after incubation at 37 °C with a 

microplate reader (Spectra Fluor Plus, TECAN Deutschland GmbH, Crailsheim, Germany). Protein 

concentrations were determined by Pierce Assay (Pierce,R.H. et al., 2000) (Pierce, Rockford, USA). 

Control experiments revealed the linear character of activity regarding duration and protein concentration. 

Thus, specific caspase-3-like activity was calculated per µg protein. 

 

 

 

3.3 MURINE MODEL OF LPS-INDUCED SEPSIS 

 

3.3.1 Animals 

 

Specific pathogen-free male BALB/c mice (22±6 g) were supplied by the in house Animal Breeding 

Facility of the University of Konstanz and housed in a temperature- and humidity-controlled room  

(22 °C, 55% humidity) under a constant 12 h light/dark cycle. Animals had free access to water and chow 

(Ssniff, Soest, Germany), but were fasted with free access to water 12 h prior to the in vivo experiment. 

All studies were performed with the permission of the government authorities and in accordance with the 

German Legislation on Laboratory Animal Experiments and followed the directives of the University of 

Konstanz Ethical Committee.  
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3.3.2 Materials and solutions  

 

3.3.2.1 Materials 

 

Rat ANP was purchased from Calbiochem/Novabiochem (Bad Soden, Germany), Lipopolysaccharide 

(LPS) from Salmonella abortus equi S. from BIOCLOT (Aidenbach, Germany). Pentobarbital (Nembutal), 

which was used for anesthesia of animals, was from Sanofi-Ceva (Hanover, Germany). TNF-α enzyme-

linked immunosorbent assay (ELISA) was purchased from Amersham Bioscience (Braunschweig, 

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

International™ (Munich, Germany). 

 

3.3.2.2 Solutions 

 

ANP and LPS were diluted in a total volume of 300 µl sterile 0.9 % saline solution containing 0.1% human 

serum albumine (HSA). 

 

 

3.3.3 Experimental setting  

 

ANP (5 µg/kg b.w.) was injected intravenously (i.v.). Septic shock was induced by intraperitoneal (i.p.) 

injection of a sublethal LPS dose of 1 mg/kg b.w. for the 90 min experiments, and a lethal dose of 2.5 

mg/kg b.w. for survival experiments 20 min after ANP treatment (figure 9). 
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figure 9:  Experimental setting for ANP preconditioning in vivo before LPS-induced septic shock. Animals 
were injected i.v. with ANP (5 µg/kg b.w.) or NaCl and after 20 min with LPS or NaCl i.p.. After 90 
min blood samples were taken and used for determination of TNF-α level. LPS was injected in a 
sublethal (1 mg/kg b.w.) or lethal (2.5 mg/kg b.w.) dose. Survival of animals was observed until up 
to 72 h after LPS injection. For sample generation, organs were excised at indicated times (20 min 
after ANP injection t = 0 min, after LPS injection at t = 15 min, t = 30 min, and t = 90 min) after lethal 
intravenous anesthesia. For measurement of TNF-α concentration, blood samples were generated 
after 90 min. 

 

 

3.3.3.1 Survival experiment (72 h) 

 

To investigate whether ANP preconditioning has an effect on survival after injection of a lethal LPS dose, 

ANP (5 µg/kg b.w.) was injected i.v. 20 min prior to i.p. LPS-injection (2.5 mg/kg b.w. in 300 µl saline 

containing 0.1% HSA). After LPS-injection the animals’ state of health was observed continuously for 72 

h. Animals of the control group were injected with 0.9 % NaCl at t = -20 min and t = 0 min. Animals of the 

LPS-group were injected with NaCl instead of ANP at the onset of the survival experiment (see also 

figure 9). 

After 90 min, blood samples for TNF-α measurement were obtained by slightly cutting the animals’ tail 

and collecting approximately 50 µl blood into a heparinized microfuge tube. Blood samples were 

centrifuged (13,000 rpm, 2 min, 4 °C) immediately before TNF-α concentration was determined by ELISA 

(see 3.3.4). 

Four treatment groups were generated, each group with n=8 animals (see table 1). 
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table 1:  Treatment groups for survival experiment.  

 

 

3.3.3.2 Tissue sample generation (endotoxemia) 

 

This in vivo experiment started with the intravenous injection of NaCl or ANP (5 µg/kg b.w.). Animals 

received an i.p. injection of NaCl or LPS (1 mg/kg b.w.) after 20 min. At the indicated times  

(see figure 9), blood and tissue samples were obtained after lethal intravenous anesthesia of mice with 

150 mg/kg b.w. pentobarbital plus 0.8 mg/kg b.w. heparin. 

Blood samples were taken after 90 min following abdominal laparotomy. TNF-α serum concentrations 

were determined. For this purpose, blood was withdrawn by cardiac puncture, filled into heparinized 

microfuge tubes, and centrifuged (2 min, 13,000 rpm, 4 °C). 

Kidneys were excised at t = 0 min, t = 15 min, and t = 90 min, and snap-frozen immediately in liquid 

nitrogen. The latest time point for excision of organs was 90 min. Therefore, this kind of experimental 

setting for investigation of ANP effects on LPS-signaling is termed “endotoxemia”. 

Four treatment groups were generated, each group consisting of n=6 animals (see table 2). 

 

table 2:  Treatment groups for endotoxemia. 

 

Treatment group t = -20 min t = 0 min 

Control (Co) NaCl i.v. NaCl i.p. 

ANP ANP (5 µg/kg b.w.) i.v. NaCl i.p. 

LPS NaCl i.v. LPS (1 mg or 2.5 mg/kg b.w.) i.p. 

ANP/LPS ANP (5 µg/kg b.w.) i.v. LPS (1 mg or 2.5 mg/kg b.w.) i.p. 

Treatment group t = -20 min t = 0 min 

Control (Co) NaCl i.v. NaCl i.p. 

ANP ANP (5 µg/g b.w.) i.v. NaCl i.p. 

LPS NaCl i.v. LPS (1 mg/kg b.w.) i.p. 

ANP/LPS ANP (5µg/kg b.w.) i.v. LPS (1 mg/kg b.w.) i.p. 
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3.3.4 Determination of TNF-α concentrations in blood samples 

 

Blood samples were centrifuged for 2 min at 4 °C at 13,000 rpm to separate the plasma from the cellular 

fraction. Measurement of TNF-α by ELISA was performed as described previously (Bohlinger,I. et al., 

1996) with an OptEIA Mouse TNF-α Elisa Set (Mono/Mono) (BD Biosciences, Heidelberg, Germany). 

Briefly, 50 µl of sample were pipetted onto a microtiter plate which was coated with a mouse specific 

TNF-α antibody. 50 µl of a biotinylated antibody reagent was added, followed by incubation for 2 h at 

room temperature (RT). After several washing steps, 100 µl of a streptavidine-horseradish peroxidase-

conjugate was added. Following incubation for 30 min (RT) and five more washing steps, incubation for 

30 min (RT, protected from light) with 100 µl of the substrate solution TMB (3', 5, 5' - tetramethyl-

benzidine) caused a color development proportional to the amount of mouse TNF-α in the sample. The 

reaction was terminated by addition of 100 µl stop solution (0.18 M sulphuric acid) and optical density was 

determined at 450 nm using the SUNRISE Absorbance Reader from TECAN (TECAN Deutschland 

GmbH, Crailsheim, Germany). 

 

 

3.4 HISTOLOGICAL ANALYSIS OF TISSUE 

 

3.4.1 TUNEL staining 

 

TUNEL staining was kindly performed by Dr. Herbert Meissner and Mrs. Andrea Sendlhofer (Institute of 

Pathology, University of Munich,, Germany). 

Liver samples were fixed in 4% formaldehyde, embedded in paraffin, and cut into 6 µM sections.  Liver 

sections were rinsed three times with PBS (pH 7.4, containing calcium and magnesium), before blocking 

for 20 min with 1% BSA. Apoptotic processes were examined by quantification of DNA fragmentation by 

the terminal deoxynucleotidyl transferase (TdT) mediated dUTP nick end labeling method (TUNEL) as 

described by Gavrieli et al. (Gavrieli,Y. et al., 1992). The number of apoptotic liver cells was determined 

by staining of liver sections with the ApopTaq® Peroxidase in situ Apoptosis Detection Kit according to the 
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manufacturer’s instructions (Intergen, Purchase, New York, USA). For counting the apoptotic cells, an 

area of 1.96 mm2 containing approximately 4,000 hepatocytes was examined by a Zeiss Axiolab 

microscope (Zeiss, Jena, Germany). 

 

 

3.4.2 Hematoxylin staining 

 

Necrotic cell death and morphological changes of tissue were characterized by hematoxylin and eosin 

(HE) staining. Morphological criteria for necrosis included increased eosinophilia, vacuolization, cell 

disruption, loss of architecture, and karyolysis. HE staining was performed by Dr. Herbert Meissner and 

Mrs. Andrea Sendlhofer (Institute of Pathology, University of Munich, Germany). 

 

 

3.4.3 Immunohistochemistry 

 

For analysis of localization and / or presence of certain proteins in liver or kidney, organs were snap-

frozen in liquid nitrogen at the indicated times and cut into 6-10 µm sections. 

For staining of phospho-Akt and F-actin, slices were dried overnight at RT and subsequently fixed in 3% 

formaldehyde for 15 min. For p65 staining, organs were fixed for 3 min in 3% formaldehyde immediately 

after cutting and were kept in PBS. 

Fixed slices of liver or kidney tissue were washed three times with PBS and blocked with 1% BSA for 20 

min. This was followed by incubation with 100 µl of the primary antibody (see table 3) for 1 h at RT. After 

three washing steps, slices were incubated with the corresponding secondary antibody (see  

table 3) for 1 h at RT and again were washed three times with PBS. Finally, liver or kidney sections were 

covered with mounting medium (DakoCytomation GmbH, Hamburg, Germany), dried overnight, and 

examined by confocal microscopy (LSM 510 Meta, Zeiss, Jena, Germany). 
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table 3:  Antibodies used for tissue staining. 

 

 

 

 

3.5 WESTERN BLOT ANALYSIS 

 

3.5.1 Sample preparation – homogenization of tissue 

 

30 mg of kidney or liver tissue were homogenized in 0.6 ml of lysis buffer (50 mM Tris-HCl, 5 mM EGTA, 

1 mM PMSF, 1 mM Na3VO4 pH 7.0, 1x Complete®) containing 1% Triton® X-100 (Roth, Karlsruhe, 

Germany) with a dounce homogenizer. Care was taken to ensure a homogenous suspension. After 

centrifugation of samples at 14,000 rpm (10 min, 4 °C), 10 µl of the supernatant were used for 

determination of protein content (see 3.5.2). The remaining supernatant was diluted with 3x SDS-

Primary antibodies Diluted in Dilution manufacturer 

Mouse anti-phospho-Akt monoclonal 

(Ser 473) 
0.2% BSA 1:200 Cell Signaling, Frankfurt/Main, 

Germany 

Rabbit anti-phospho-Akt polyclonal 

(Ser 473) 
0.2% BSA 1:200 

Cell Signaling, Frankfurt/Main, 

Germany 

Rabbit anti p65 polyclonal 0.2% BSA 1:100 Santa Cruz, Heidelberg, Germany 

Secondary antibodies    

Alexa Fluor® 488 Goat anti-mouse 

IgG 
0.2% BSA 1:400 

Molecular Probes, MoBiTec, Göttingen, 

Germany 

Alexa Fluor® 647 chicken anti-rabbit 

IgG (H+L) 
0.2% BSA 1:400 

Molecular Probes, MoBiTec, Göttingen, 

Germany 

Alexa Fluor® 488 goat anti rabbit IgG 

(H+L) 
0.2% BSA 1:400 

Molecular Probes, MoBiTec, Göttingen, 

Germany 

Rhodamine conjugated phalloidin 
methanol 

p.a. 

1 unit per slice (5 µl stock 

solution 

Molecular Probes, MoBiTec, Göttingen, 

Germany 

HOECHST 33342 dye 0.2% BSA 5 µg per slice Sigma, Deisenhofen, Germany 
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containing sample buffer (see 3.5.4.1) and boiled for 5 min at 95 °C. Aliquots were stored at  

– 80 °C until Western Blot analysis. 

 

 

3.5.2 Measurement of protein concentrations with Pierce assay 

 

In order to employ equal amounts of protein in all samples analyzed by Western Blot, the protein 

concentrations were determined using the Pierce assay (BC assay reagents, Interdim, Montulocon, 

France) as described by Smith et al. (Smith,P.K. et al., 1985). 

 

 

3.5.3 Immunoprecipitation 

 

After homogenization of liver tissue (see 3.5.1) sample protein concentrations were determined by Pierce 

Assay (3.5.2). 100 µg protein in 100 µl lysis buffer were incubated with 2.5 µl of primary antibody (rabbit 

anti Hsp25 or rabbit anti-Bad) shaking overnight at 4 °C. Following centrifugation and resolution of the 

pellet in 500 µl lysis buffer, the antibody-antigen complex was precipitated by incubation with 50 µl of 

washed Agarose-A-beads (Sigma, Deisenhofen, Germany) for 2 h  

(shaking, 4 °C), followed by additional centrifugation. The beads were washed three times with cold lysis 

buffer and resuspended in 40 µl of 3x SDS-containing sample buffer. After addition of 40 µl 1x sample 

buffer, samples were boiled for 5 min at 95 °C followed by centrifugation in order to remove the beads. 35 

µl of the supernatant were used for detection of phospho-Bad by Western Blot analysis. 
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3.5.4 SDS- polyacrylamide gel electrophoresis (SDS-PAGE) 

 

3.5.4.1 Solutions 

 

SDS sample buffer (stock solution)   SDS sample buffer (3x) 

Tris-HCl (pH 6.8) 37.5 ml    Stock solution   950 µl 

SDS   6 g    β-mercaptoethanol  50 µl 

Glycerol  30 ml  

Bromphenol blue 15 mg 

H2O   ad 100 ml  

 

To prepare 1x sample buffer solution, the appropriate amount of water was added to the 3x solution. 

 

Separation gel 10%     Stacking gel 

PAA solution (30%)  5.0 ml   PAA solution (30%)  1.275 ml 

1.5 M Tris-base, pH 8.8  3.75 ml   1.25 M Tris-HCl, pH 6.8  750 µl 

SDS 10%   150 µl   SDS 10%   75 µl 

H2O    6.1 ml   H2O    5.25 ml 

TEMED    15 µl   TEMED    15 µl 

APS 10%   75 µl   APS 10%   75 µl  

 

For preparation of separation gels different concentrations of polyacrylamide (PAA, 30% solution of PAA / 

0.8% bisacrylamide 37.5 : 1 (v/v), Rotiphorese™ Gel 30, Roth, Karlsruhe, Germany) were used according 

to the molecular weight of the analyzed protein.  

 

Electrophoresis buffer (5x ) 

Tris-base   15.0 g  

Glycine    72.0 g 

SDS    5.0 g 

H2O    ad 1,000 ml 

 

To prepare 1x Electrophoresis buffer, the appropriate amount of water was added to the 5x buffer. 
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3.5.4.2 Electrophoresis 

 

Denaturating SDS-PAGE allows the separation of proteins according to their molecular weight. Proteins 

are solubilized in a sodium dodecylsulfate (SDS) solution, a highly negatively charged detergent. After 

denaturation of the proteins by addition of dithiothreitol (DTT) and boiling of samples, negatively charged 

SDS-polypeptide complexes migrate towards the anode. Their migration velocity corresponds to the 

protein’s molecular weight (Laemmli,U.K., 1970). 

Equal amounts of protein (70 µg per slot for IκBα and phospho-IκBα, 100 µg for other proteins) were 

loaded and separated by SDS-PAGE (Mini PROTEAN 3, BioRad Laboratories, Munich, Germany). 

Electrophoresis was run at 100 V for 21 min for stacking, and 4 min at 200 V for separating the proteins. 

 

 

 

3.5.5 Western Blot 

 

3.5.5.1 Solutions 

 

Tris-CAPS (5x), pH 9.6   

Tris-base   36.34 g 

CAPS    44.26 g  

H2O    ad 1,000 ml 

 

 

Anode buffer      Cathode buffer 

Tris-CAPS (5x)   20 ml   Tris-CAPS (5x)   20 ml 

Methanol   15 ml   SDS 10%   1 ml 

H2O    ad 100 ml  H2O    ad 100 ml 
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Tank Blotting buffer (5x)    Tank Blotting buffer (1x) 

Tris-base   15.2 g   Blotting buffer (5x)  200 ml 

Glycine    72.9 g   Methanol   200 ml 

H2O    ad 1,000 ml  H2O    ad 1,000 ml 

 

 

Tris-buffered saline pH 8.0 containing 0.1% Tween (TBS-T) 

Tris-base   3.0 g 

NaCl    11.1 g 

Tween 20   1.0 ml 

H2O    ad 1,000 ml 

 

 

Coomassie staining solution    Coomassie destaining solution   

Coomassie brilliant blue G 1.5 g   Acetic acid (100%)  100 ml  

Acetic acid (100%)  50 ml   Ethanol (96%)   335 ml 

Ethanol (96%)   225 ml   H2O        ad 1,000 ml  

H2O    ad 500 ml  

 

 

ECL solution 

Solution 1:      Solution 2: 

Luminol (250 mM)  50 µl   H2O2 (30 %)   3 µl 

p-Coumaric acid (90 mM) 22 µl   1 M Tris, pH 8.5  500 µl 

1 M Tris, pH 8.5  500 µl   H2O    4,500 µl 

H2O    4,500 µl 

 

 

Stripping buffer 

Tris-HCl   62.5 mM 

SDS    2% 

β-mercaptoethanol  0.8% 

 

 

5% Blotto: 

5% (m/v) solution of low fat dried milk (Blotto, BioRad, Munich, Germany) in TBS-T pH 8.0. 
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Antibodies: 

table 4:  Primary and secondary antibodies used for Western blot analysis. Abbreviations: WB = Western 
Blot analysis, IP = Immunoprecipitation. 

 

 

3.5.5.2 Semi dry Blotting 

 

For the transfer of proteins to a polyvinylidene fluoride (PVDF) membrane by Semi dry Blotting in a 

discontinuous buffer system, we used the Fastblot B43 (Biometra, Göttingen, Germany). The membrane 

Primary antibodies Diluted in Dilution Manufacturer Used for 

Mouse anti-actin 5% Blotto 1:1,000 Biozol, Eching, Germany WB 

Rabbit anti-Akt (tot) 5% BSA 1:1,000 
Cell Signaling, Frankfurt/Main, 

Germany 
WB 

Rabbit anti-phospho-Akt (Ser 473) 1%BSA 1:1,000 
Cell Signaling, Frankfurt/Main, 

Germany 
WB 

Rabbit anti-Bad (tot) 5% BSA 1:1,000 
Cell Signaling, Frankfurt/Main, 

Germany 
WB, IP 

Mouse anti-phospho-Bad (Ser 112) 5% BSA 1:2000 
Cell Signaling, Frankfurt/Main, 

Germany 
WB 

Rabbit anti-phospho-Bad (Ser 136) 1% Blotto 1:500 
Cell Signaling, Frankfurt/Main, 

Germany 
WB 

Rabbit anti-Hsp25 (tot) 5% Blotto 1: 1,000 
Stress Gen Biotechnologies, 

Victoria, Canada 
WB, IP 

Rabbit anti-phospho-Hsp27 (Ser 82) 5% BSA 1:1,000 
Cell Signaling, Frankfurt/Main, 

Germany 
WB 

Rabbit anti IκB-α (tot) 1% Blotto 1:1,000 Santa Cruz Heidelberg, Germany WB 

Rabbit anti-phospho-IκB-α (Ser 32) 1% Blotto 1:1,000 
Cell Signaling, Frankfurt/Main, 

Germany 
WB 

Secondary antibodies     

Goat anti-rabbit IgG (H+L) 
1% Blotto 1:20,000 Dianova, Hamburg, Germany 

WB 

Goat anti mouse IgG1 5% Blotto 1:1,000 Biozol, Eching, Germany WB 
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(Immobilon-P, Millipore, Bedford, MA, USA) was soaked in methanol for 5 min and in anode buffer for 30 

min. Afterwards, proteins were transferred at 134 mA for 60 min from the gel to the membrane. 

 

 

3.5.5.3 Tank Blotting 

 

Proteins were transferred to a nitrocellulose membrane (Hybond™ ECL™, Amersham Bioscience, 

Braunschweig, Germany) at 23 V overnight at 4 °C with a Mini Trans-Blot® (BioRad Laboratories, Munich, 

Germany), and 1x Blotting buffer was used for Tank Blotting (see 3.5.5.1).  

 

 

3.5.5.4 Coomassie blue staining 

 

In order to check the equal loading of samples and correct blotting, the remaining proteins in the gels 

were stained with Coomassie staining solution for 30 min. Afterwards, gels were destained shaking for 60 

min in destaining solution before they finally were stored in water. 

 

 

3.5.5.5 Protein detection 

 

Prior to immunologic detection of the referring proteins, unspecific binding sites were blocked by 

incubating the membrane for 60 min at RT in a 5% (m/v) solution of low fat dried milk (Blotto, BioRad, 

Munich, Germany) in TBS-T pH 8.0. 

Detection of the protein of interest through binding of a specific primary antibody to the protein was 

performed by incubation of the membrane overnight at 4 °C with the appropriate solution of the specific 

primary antibody (see table 4). After four washing steps (4 x 5 min in TBS-T), the membrane was 

incubated with the secondary antibody (conjugated to horseradish peroxidase (HRP), table 4) for 60 min, 

followed by four additional washing steps (2 x 10 min, 2 x 5 min). 
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For detection of proteins, the membrane was incubated in a mixture (1:1) of the two detection solutions, 

solution 1 and solution 2 (see 3.5.5.1) for 1 min. Chemoluminescence detection was performed by 

exposure of the membrane to a medical X-ray film (Fuji, Düsseldorf, Germany) and subsequent 

development with a Curix 60 developing system (Agfa-Gevaert N.V., Mortsel, Belgium). 

Quantification was performed with a Kodak image station (NEN, Cologne, Germany). 

 

3.5.5.6 Reprobing  

 

For removing primary and secondary antibodies from the membrane, blots were incubated in stripping 

buffer (see 3.5.5.1) shaking for 30 min at 50 °C. After six washing steps (5 min in TBS-T at RT), the 

membrane was blocked for 1 h with 5% low fat dried milk (in TBS-T) before detection with another 

primary antibody as described in 3.5.5.5. 

 

 

 

3.6 ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA) 

 

3.6.1 Solutions 

 

Buffer A      Buffer B 

HEPES pH 7.9   10 mM   HEPES pH 7.9   20 mM 

KCl    10 mM   NaCl    400 mM 

EDTA    0.1 mM   EDTA    1 mM 

EGTA    0.1 mM   EGTA    0.5 mM 

DTT    1 mM   Glycerol   25% 

PMSF    0.5 mM   DTT    1 mM 

       PMSF    1 mM 

 

DTT and PMSF were added to the Buffer stock solution (A and B) directly before use. 
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STE buffer pH 7.5     5x binding buffer pH 7.5 

Tris-HCl   10 mM   Glycerol   20% 

NaCl    100 mM  MgCl2    5 mM 

EDTA    1 mM   EDTA    2.5 mM 

       NaCl    250 mM 

       Tris-HCl   50 mM 

 

 

Gel loading buffer pH 7.5    reaction buffer 

Tris-HCl   250 mM  DTT    2.6 mM 

Bromphenolblue  0.2%   5x binding buffer  90% 

Glycerol   40%   gel loading buffer  10% 

 

 

10x TBE pH 8.3      non-denaturating polyacrylamide gel (4.5%) 

Tris    0.89 M   10x TBE   5.3% 

Boric acid   0.89 M   PAA solution (30%)  15.8% 

EDTA    0.02 M   glycerol    2.6% 

       TEMED    0.05% 

       APS    0.08% 

 

0.25x TBE was used as electrophoresis buffer and prepared by adding the appropriate amount of water 

to the 10x solution. 

 

 

 

3.6.2 Extraction of nuclear protein 

 

30 mg of kidney tissue were homogenized in 0.3 ml of Buffer A (see 3.6.1) on ice with a dounce 

homogenizer. Care was taken to ensure a homogenous suspension. Samples were centrifuged at 1,000 

rpm at 4 °C for 10 min. The pellet was resuspended in 300 µl Buffer A, followed by addition of 18 µl 

Nonidet-40 (NP-40) and careful mixing of samples. After 10 min incubation on ice, samples were 

centrifuged for 1 min at 14,000 rpm and 4 °C and the pellet was resolved in 40 µl Buffer B. Samples were 
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incubated by shaking for 30 min at 4 °C. After centrifugation (14,000 rpm, 10 min, 4 °C) undiluted 

supernatants were used for EMSA, and diluted 1:20 for determination of protein concentrations. 

 

 

3.6.3 Measurement of protein concentration with Bradford-assay 

 

Protein concentration in isolated nuclear fractions was determined as described by Bradford et al. 

(Bradford,M.M., 1976). 

 

 

3.6.4 Radioactive labeling of consensus oligonucleotides 

 

Double-stranded oligonucleotides, containing the consensus sequence for NF-κB  

(5’-AGTTGAGGGGACTTTCCCAGGC-3’, Promega, Mannheim, Germany), were labeled with  

5’-[γ-32P]triphosphate (3,000 Ci/mmol) by using the T4 polynucleotide kinase (PNK) (USB, Cleveland, 

USA) which catalyzes the transfer of the terminal phosphate of ATP to the 5’-hydroxyl termini of the DNA. 

Oligonucleotides were incubated with PNK for 10 min at 37 °C. The reaction was stopped by addition of 

0.5 M EDTA solution. The radioactive labeled DNA was separated from unlabeled DNA by using NucTrap 

probe purification columns (Stratagene, La Jolla, USA). Radiolabeled DNA was eluated from the column 

with 70 µl of STE buffer and frozen at -20 °C until use for EMSA. 

 

 

3.6.5 Binding reaction and electrophoretic separation 

 

Equal amounts of nuclear protein (approximately 2 µg) were incubated in a total amount of 14 µl 

containing 2 µg poly(dIdC) and 3 µl reaction buffer for 10 min at RT. 1 µl of the labeled oligonucleotide 

probe (approximately 300,000 cpm) was added and incubated with nuclear protein for 30 min at RT. The 
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nucleoprotein-oligonucleotide complexes were separated by gel electrophoresis (Mini-Protean 3, BioRad, 

Munich, Germany) at 110 V for 60 min on non-denaturating polyacrylamide gels (see 3.6.1, 

Rotiphorese™ Gel 30, Roth, Karlsruhe, Germany). Bands were detected by exposure of the gels to 

Cyclone Storage Phosphor Screens (Canberra-Packard, Dreieich, Germany) for about 24 h (time of 

exposure depended on radioactivity of the labeled oligonucleotides), followed by analysis with a 

phosphorimager station (Cyclone Storage Phosphor System, Canberra-Packard, Dreieich, Germany). 

 

 

 

3.7 STATISTICAL ANALYSIS 

 

All experiments were performed at least three times per treatment group (3-8 animals per treatment). 

Data are expressed as mean ± SEM. Statistical significance between groups was determined with one 

sample or student’s t-test using GraphPad Prism® Version 3.03 for Windows (GraphPad Software Inc., 

San Diego, USA). P values < 0.05 were considered statistically significant.



4. Results 
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4.1 EFFECTS OF ANP DURING ISCHEMIA AND REPERFUSION IN 

THE LIVER 

 

 

4.1.1 Effects of ANP preconditioning in the isolated perfused rat liver 

 

4.1.1.1 Participation of p38 MAPK in ANP-mediated cytoskeletal changes during IR 

 

We have shown previously that ANP pretreatment causes an increase in p38 MAPK activity (Kiemer,A.K. 

et al., 2002j) and changes in the hepatic content of cytoskeletal F-actin (diploma thesis). Thus, we were 

now interested in the correlation between p38 MAPK activation and cytoskeletal changes in ANP-

preconditioned livers. For this reason, we used the specific p38 MAPK inhibitor SB203580 (SB). 

Perfusion with 2 µM SB together with ANP completely abolished the enhanced hepatic F-actin content 

after ANP preconditioning (figure 10). 

 

 

 

 

 

 

figure 10: ANP increases F-actin via p38 MAPK. Livers were perfused with KH buffer (Co), ANP (200 
nM), SB (2 µM), or a combination of ANP and SB for 20 min followed by a 24 h period of 
ischemia (3.1.3). Cytoskeletal fractions were investigated by Western Blot. (see 3.1.4 and 
3.5). 
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Similarly, ANP pretreatment caused a decrease of G-actin in liver homogenates (figure 11). This effect 

was abrogated by inhibition of p38 MAPK, so that G-actin content in these samples resembled untreated 

controls. Again, treatment with SB alone had no influence (figure 11). 

 

 

 

 

 

 

figure 11: Liver treatment with a combination of ANP and SB abrogates the ANP-mediated reduction 
of G-actin in livers after 24 h ischemia. After perfusion with KH buffer (Co), ANP (200 nM), 
SB (2 µM), or a combination of ANP and SB for 20 min, livers were kept under ischemic 
conditions (UW solution, 4 °C) for 24 h. Cytosolic fractions were analyzed via Western Blot 
as described (3.1.4 and 3.5). 

 

 

 

Changes in F-actin content mediated by ANP 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. This correlated with a marginal F-actin content (figure 12 A). Slices of ANP-

pretreated livers showed a very high staining intensity, representing an obvious increase in hepatic F-

actin content. This cytoskeletal changes were observed especially at the membranes of hepatocytes 

(figure 12, B). 

Again, perfusion of the livers with SB alone had no effect on hepatic F-actin (figure 12 C). 

Preconditioning with a combination of SB and ANP however, abolished the ANP-mediated effect (figure 

12 D). This links the observed effect to activation of p38 MAPK. 
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figure 12: ANP increases hepatic F-actin content via p38 MAPK. After perfusion with KH buffer (A), ANP (200 
nM) (B), SB (C), or a combination of ANP and SB (D) for 20 min, livers were excised and kept 
under ischemic conditions (UW solution, 4 °C) for 24 h. Slices of snap-frozen livers were stained 
with Hoechst 33342 for nuclei (blue) and Rhodamine conjugated phalloidin for cytoskeletal F-actin 
(red) (see 3.1.3 and 3.4.3). Liver sections were examined by confocal laser scanning microscopy 
(63-fold amplification). 
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4.1.1.2 Role of p38 MAPK in ANP-mediated phosphorylation of Hsp27 during ischemia 

 

We have previously shown that ANP pretreatment leads to an enhanced activation of p38 MAPK 

(Kiemer,A.K. et al., 2002i) and increases the hepatic content of its downstream target Hsp27. Moreover, 

we demonstrated a translocation of the heat shock protein towards the cytoskeleton after 24 h ischemia 

(diploma thesis). Hsp27 has been described to act as an actin capping protein controlling actin 

polymerization (Landry,J. et al., 1995e), with its function depending on phosphorylation by upstream 

kinases (Benndorf,R. et al., 1994b).  

Based on these results, we were now interested in the phosphorylation status of Hsp27 in untreated and 

ANP-preconditioned livers, and a possible connection between p38 MAPK activation and phosphorylation 

of Hsp27 by employing the p38 MAPK inhibitor SB 203580.  

As shown in figure 13, ANP caused an increase in phosphorylation of the small heat shock protein 

already at 30 min perfusion, and further increasing after 24 h ischemia. 

 

 

 

 

figure 13:  Preconditioning with ANP augments phosphorylation of Hsp27. Following perfusion with KH buffer 
(Co), ANP (200 nM), SB (2 µM), or a combination of ANP and SB for 20 min, livers were kept under 
ischemic conditions (UW solution, 4 °C) for 24 h. Hepatic phospho-Hsp27 was analyzed by 
Western Blot after immunoprecipitation (see 3.1.3 and 3.5). 

 

 

In order to confirm that enhanced phosphorylation of Hsp27 ischemia is mediated via p38 MAPK, we 

perfused the livers with a combination of ANP and SB. In fact, the increase of Hsp27 phosphorylation 

induced by ANP was completely abrogated (figure 14). Pretreatment with SB alone exerted no significant 

effect on phosphorylation of Hsp27. Thus, activation of p38 MAPK is essential for the phosphorylation of 

the heat shock protein induced by ANP. 
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figure 14: Inhibition of p38 MAPK leads to an abrogation of enhanced Hsp27 phosphorylation after ANP 

pretreatment in ischemic livers. Livers were perfused with KH buffer (Co), ANP (200 nM), SB (2 
µM), or a combination of ANP and SB for 20 min. Afterwards, organs were kept under ischemic 
conditions (UW solution, 4 °C) for 24 h, snap-frozen and homogenized as described. Hepatic 
Hsp27 was isolated by immunoprecipitation with a specific anti-Hsp27 antibody. Analysis of 
phospho-Hsp27 (p-Hsp27) levels in the samples by Western Blot was performed as described with 
an anti-phospho-Hsp27 antibody (see 3.1.3 and 3.5 for details).  
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4.1.2 Effects of ANP preconditioning in the liver during IR in vivo 

 

 

4.1.2.1 ANP affects apoptosis in ischemic liver  

 

Apoptotic processes were monitored by measuring caspase-3-like activity and TUNEL staining. After 24 h 

cold ischemia, an increase of hepatic caspase-3-like activity compared to sham operated animals was 

observed. The effect was still detectable after 2 h of reperfusion (125% vs. Co) (figure 15 A). ANP 

pretreatment completely abolished IR-induced caspase activity as shown in figure 15 B. 

 

 

 

 

 

 

 

 

 

 

 

 

figure 15: Hepatic caspase-3-like activity increases during IR (A) but is unaffected in ANP-pretreated 
animals (B). Donor livers were explanted after intravenous infusion of NaCl and kept under 
ischemic conditions (4 °C, UW solution) for 24 h. Livers were transplanted into recipients 
and reperfused for 2 h. At indicated times (after 20 min infusion, 24 h ischemia, and 2 h 
reperfusion), organs were snap-frozen, homogenized and caspase-3-like activity was 
measured as described in “Materials and Methods” with 4 rats in each group. Data are 
expressed as percent of caspase-3-like activity after 20 min infusion of NaCl (Co, A), and 
ANP (B) respectively. * p ≤ 0.05 vs. control after 20 min infusion. 
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Compared to untreated controls, ANP preconditioning caused a significant attenuation of 

caspase-3-like activity, which was most evident in livers after 24 h of cold storage (see figure 16). 

 

 

 

 

 

 

 
 
 
 
 
 
figure 16: ANP preconditioning decreases caspase-3-like activity in the liver after 24 h ischemia. 

Animals received an intravenous infusion of NaCl (Co) or ANP (5 µg/kg b.w.) for 20 min 
and livers were then kept under ischemic conditions (UW solution, 4 °C) for 24 h. Tissue 
was snap-frozen, homogenized, and caspase-3-like activity was determined as described 
(see3.2.6 for details) with 4 animals in each group. Data are expressed as percentage of 
caspase-3-like activity in untreated livers (100%). ** p ≤ 0.01 vs. untreated controls. 

 

 

TUNEL-staining and hematoxylin/eosin (HE) staining of liver sections confirmed the results of caspase-3-

like activity measurement. After 24 h cold ischemia apoptosis was most prominent and accounted for 

about 0.5% of cells. 

Both hepatocytes and endothelial cells showed positive TUNEL staining combined with characteristic 

apoptotic morphology. Preconditioning of donor livers with ANP (5 µg/kg b.w.) significantly decreased the 

number of TUNEL-positive cells after 24 h cold ischemia (see figure 17). A similar effect was observed 

after 2 h of reperfusion, although less pronounced (data not shown)  

Thus, we clearly demonstrated that ANP reduces apoptotic cell death in ischemic liver cells. 
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figure 17: ANP pretreatment reduces the number of apoptotic cells after ischemia in the liver. 
Animals received intravenous infusion of NaCl (Co) or ANP (5 µM) for 20 min. Livers were 
excised, kept under ischemic conditions (UW solution, 4 °C) for 24 h, and embedded in 
paraffin wax before tissue was cut into 6 µm slices. TUNEL-staining was performed as 
described (see 3.4.1) and apoptotic liver cells per field of view (1.96 mm2) were counted 
with tissue samples from 4 animals of each treatment group (see 3.2.3 and 3.4.1 for 
details). * p ≤ 0.05 vs. controls. 

 

 

 

4.1.2.2 Effect of ANP on transaminase activity, LDH activity, and bile flow 

 

ANP preconditioning did not affect the plasma levels of liver transaminases alanine transaminase (ALT), 

aspartate transaminase (AST), or lactate dehydrogenase (LDH) as parameters for necrotic liver damage. 

Enzyme activities were measured in the serum of rats after 2 h of liver reperfusion (figure 18 A-C). In 

accordance, morphological analysis of necrotic liver cells by HE-staining did not reveal a difference 

between the ANP and the control group at both, 24 h ischemia as well as 2 h reperfusion. Furthermore, 

no significant effect on bile flow was observed during reperfusion (figure 18 D). 
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figure 18: ANP preconditioning does not influence serum transaminases and bile flow. Animals received an 
intravenous infusion of NaCl (Co) or ANP (5 µg/kg b.w.) for 20 min before the donor liver was 
explanted and kept under ischemic conditions (UW solution, 4 °C) for 24 h. A-C: after implantation 
of the organ into the recipient and reperfusion for 2 h, plasma samples (400 µl) were obtained. 
Activities of ALT, AST and LDH were measured as described in “Materials and Methods” and 
specified as units per liter serum with 7 animals in each group. D: bile was collected and quantified 
volumetrically (see 3.2.3 for details) with 7 animals in each group. 

 

 

 

4.1.2.3 PKA is not involved in the anti-apoptotic effect  

 
Since it has been shown that ANP mediates anti-apoptotic effects in the isolated perfused liver via 

phosphorylation of Bad by protein kinase A (PKA) (Kulhanek-Heinze,S. et al., 2004b), we investigated a 

possible participation of this pathway in vivo. Interestingly, however, ANP pretreatment of animals in vivo 

did not influence the activity of protein kinase A (PKA), as shown in figure 19. 
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figure 19: PKA is not involved in ANP-mediated hepatic effects. Animals received an intravenous infusion of 
NaCl (Co) or ANP (5 µg/kg b.w.) for 20 min. Livers were excised and homogenized as described in 
chapter 3.2.3 and 3.2.5). PKA activity was determined in liver homogenates by in vitro 
phosphorylation. Results are expressed as % of PKA activity in NaCl-treated livers (n=4). 

 

 

Also, in contrast to isolated perfused rat livers, ANP treatment in vivo did not alter Bad phosphorylation at 

the PKA specific phosphorylation site Ser 112 (see figure 20).  

 

 

 

 

 

 

figure 20: Phosphorylation of Bad at Ser 112 is not influenced by ANP pretreatment. After 
intravenous infusion of animals with NaCl (Co) or ANP (5 µg/kg b.w.) for 20 min, livers 
were excised and homogenized. Homogenates were immunoprecipitated using anti-Bad 
antibody (see 3.2.3 and 3.5). Levels of phospho-Bad (Ser 112) (p-Bad) were detected by 
Western Blot.  
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4.1.2.4 Involvement of the PI3-kinase pathway 

 

Since PKA-mediated Bad phosphorylation at Ser 112 could be excluded as the signaling pathway of anti-

apoptotic actions of ANP in vivo, we aimed to investigate the PI3-kinase pathway. PI3-kinase has been 

shown to mediate cytoprotective effects by pharmacological preconditioning (Müller,C. et al., 2003). 

As shown in figure 21, application of the PI3-kinase inhibitor Wortmannin (WM; 16 µg/kg b.w.) prior to 

ANP infusion completely blocked the inhibition of caspase-3-like activity by ANP seen in ischemic liver 

tissue. Thus, the PI3-kinase pathway is crucially involved in the anti-apoptotic effect of ANP 

preconditioning. 

 

 

 

 

 

 

 

 

 

 

 

figure 21: PI3-kinase mediates anti-apoptotic effects of ANP in vivo. Animals received an intravenous infusion 
of NaCl (Co), ANP (5 µg/kg b.w.), WM (16 µg/kg b.w.), or a combination of both (WM/ANP) for 20 
min. Livers were excised and snap-frozen. After 24 h ischemia livers were homogenized and 
caspase-3-like activity was determined as described in “Materials and Methods”. Data are 
expressed as percent of caspase-3-like activity in untreated livers (Co, 100%) with 4 animals in 
each group. ** p ≤ 0.01 vs. controls.  
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4.1.2.5 ANP preconditioning causes phosphorylation and translocation of Akt 

 

As the protein kinase Akt is an important downstream target of PI3-K we next investigated a possible 

effect of ANP on phosphorylation of Akt. 

Infusion of donor animals with ANP (5 µg/kg b.w.) for 20 min resulted in a marked increase of 

phosphorylated Akt (p-Akt) in the liver. This increase was abrogated in the presence of WM (figure 22). 

Akt activation by ANP seems to be a transient effect since it could not be observed after ischemia (24 h) 

or reperfusion (2 h) (data not shown). 

 

 

 

 

figure 22: ANP pretreatment increases Akt phosphorylation at Ser 473. After intravenous infusion of 
NaCl (Co), ANP (5 µg/kg b.w.), WM (16 µg/kg b.w.), or a combination of both (WM/ANP) 
for 20 min livers were excised and snap-frozen. Phospho-Akt (Ser 473) (p-Akt) was 
examined by Western Blot (see 3.2.3 and 3.5). 

 

 
Total levels of Akt were analyzed by Western Blot to confirm the uniformity of protein contents in the liver 

homogenates (figure 23). 

 

 

 

 

 

figure 23: Total protein levels of Akt after ANP preconditioning are unchanged in ischemic livers. 
Animals received an intravenous infusion of NaCl (Co) or ANP (5 µg/kg b.w.) for 20 min. 
Livers were excised and snap-frozen. Total amounts of Akt were examined by Western 
Blot (see 3.2.3 and 3.5). 

 

 

Analysis of p-Akt in liver tissue by confocal microscopy confirmed that ANP pretreatment led to a marked 

increase of p-Akt as already shown by Western Blot (see figure 22). Moreover, this analysis revealed a 

strong localization of p-Akt at the plasma membrane of hepatocytes (figure 24 A, B). Co-treatment of 
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animals with WM abrogated the increase as well as the plasma membrane localization of p-Akt induced 

by ANP (figure 24 C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

figure 24: Increase in Akt phosphorylation and changes in distribution of phospho Akt in liver tissue 
after ANP pretreatment. Animals were infused with NaCl (Co, A), ANP (5 µg/kg b.w.; B), or 
a combination of ANP and WM (16 µg/kg b.w.) (WM/ANP, C) for 20 min. Images were 
obtained as described in chapter 3.2.3 and 3.4.3 and examined by confocal microscopy 
(63-fold amplification). Blue: nuclei, red:  F-actin, cytoskeleton; green: p-Akt. 
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4.1.2.6 ANP-mediated phosphorylation of Bad 

 

To further examine the anti-apoptotic signaling by ANP in the liver induced in vivo, the Bad protein, an 

important downstream target of p-Akt, was investigated. The results indicate that Bad is phosphorylated 

at Ser 136 via p-Akt (figure 25). This phosphorylation is induced by ANP and completely independent of 

PKA-activation, since Ser 112 is the PKA specific phosphorylation site. 

 

 

 

 

 

 

 

figure 25: Phosphorylation of Bad at Akt-phosphorylation site Ser 136 is enhanced in ANP-pretreated 
livers after ischemia. After intravenous infusion of NaCl (Co), ANP (5 µg/kg b.w.), or ANP 
and WM (WM/ANP) for 20 min livers were excised and snap-frozen. Homogenized livers 
were immunoprecipitated using anti-Bad antibody. Examination of levels of phosphorylated 
Bad (Ser 136) (p-Bad) was done by Western Blot (for details see 3.2.3 and 3.5). 
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4.2 EFFECTS OF ANP DURING LPS-INDUCED SEPTIC SHOCK 

 

 

 

4.2.1 Effect of ANP pretreatment on survival after septic shock 

 

In order to investigate the effects of ANP on the survival of animals suffering from LPS-induced sepsis, 

we first determined the lethal LPS-dose for the present experimental setting. Administration of 1 mg 

LPS/kg b.w. caused worsening of the animals’ state of health (slight diarrhea, increase in body 

temperature, food refusal), which persisted during the entire experiment (food refusal until about 40 h 

after LPS injection) but did not affect survival (see figure 26). ANP treatment without LPS had also no 

effect on survival (see figure 26 and figure 27). Septic animals which were pretreated with ANP initially 

showed deterioration of their state of health but completely recovered from symptoms of LPS-induced 

sepsis. 

 

 

 

 

 

 

 

 

figure 26: Sublethal dose of LPS does not affect survival of animals. Animals were injected i.v. with ANP (5 
µg/kg b.w.; ANP- and ANP/LPS-group) or NaCl (Co and LSP-group), followed by an i.p. injection of 
NaCl (Co and ANP-group) or LPS (1 mg/kg b.w.; LPS- and ANP/LPS-group) after 20 min. The 
animals’ state of health was observed continuously for 72 h. For details see 3.3.3.1. 

 

 

Administration of LPS in a dose of 2.5 mg/kg b.w. caused an immediate worsening of the animals’ state of 

health already 1 h after i.p. injection of LPS. Mice had clotted eyelids, developed severe diarrhea and 



4 Results 

 
 

72

0

20

40

60

80

100

23 24 25 36 44 48 60 72
time (h)

su
rv

iv
al

 [%
]

Co (NaCl)
ANP (5 µg/kg)
ANP/LPS 2.5 mg/kg
LPS 2.5 mg/kg

0

20

40

60

80

100

23 24 25 36 44 48 60 72
time (h)

su
rv

iv
al

 [%
]

Co (NaCl)
ANP (5 µg/kg)
ANP/LPS 2.5 mg/kg
LPS 2.5 mg/kg

Co (NaCl)
ANP (5 µg/kg)
ANP/LPS 2.5 mg/kg
LPS 2.5 mg/kg

fever, refused food and water, and became apathetic. These symptoms were observed in LPS- as well as 

in ANP/LPS-treated animals. All animals without ANP preconditioning died within 24.5 h due to severe 

symptoms of sepsis (figure 27). Interestingly, 80% of mice which had been pretreated with ANP 

recovered from septic shock (figure 27). After 24 h diarrhea attenuated and animals were more agile. 

They started drinking 27 h after LPS injection. Eyelid clotting diminished after 36 h and after 48 h mice 

still seemed to be debilitated but no longer refused food. Furthermore, blood heat declined and at the end 

of the survival experiment (72 h), ANP-pretreated mice showed an almost normal state of health without 

any fever or diarrhea. 

 

 

 

 

 

 

 

 

 

figure 27: Pretreatment with ANP reduces mortality after LPS-induced sepsis. Mice were injected i.v. with 
NaCl (Co and LPS-group) or ANP (5 µg/kg b.w., ANP- and ANP/LPS-group). After 20 min animals 
received an i.p. injection of NaCl (Co and ANP-group) or LPS (2.5. mg/kg b.w.; LPS- and ANP/LPS-
group). The animals’ state of health was observed continuously for 72 h. For details see 3.3.2.2 and 
3.3.3.1. 

 

 

 

4.2.2 Effects of ANP preconditioning on blood TNF-α levels after LPS- 

induced septic shock 

 

In order to investigate whether survival after ANP preconditioning is associated with changes in TNF-α 

levels in blood as an important parameter during sepsis, we determined the TNF-α concentrations in 

serum 90 min after LPS injection. At this time point TNF-α levels in the blood of LPS-treated animals 
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peaked and were detected by ELISA.  

As shown in figure 28, pretreatment with ANP caused a marked decrease in TNF-α serum levels. 

Sublethal (1 mg/kg b.w.) as well as lethal (2.5 mg/kg b.w.) doses of LPS caused this effect. 

 

 

 

 

 

 

 

 

 

 

 

figure 28: Preconditioning with ANP reduces TNF-α levels in blood samples 90 min after LPS-induced sepsis. 
Mice received an i.v. injection of NaCl or ANP (5 µg/kg b.w.) at the onset of the experiment. After 20 
min, LPS in a sublethal (1 mg/kg b.w.) or lethal (2.5 mg/kg b.w.) dose, or NaCl (ANP-group) was 
administered i.p.. 90 min later, 50 µl of tail-blood were used for determination of TNF-α 
concentration by ELISA (for details see 3.3). * p ≤ 0.05 vs. LPS-group, *** p ≤ 0.001 vs. LPS-group 
of the respective concentration. 

 

 

4.2.3 Effects of ANP on signaling during LPS-induced sepsis in the 

kidney 

 

4.2.3.1 ANP-mediated changes in NF-κB binding activity  

 

In our experiment, interestingly, examination of the kidneys after lethal anesthesia revealed obvious 

differences between LPS- and ANP-treated groups. While kidneys of LPS-injected mice were smaller 

than kidneys from control and their surface was wizened, the appearance of kidneys from ANP-treated 

animals resembled control organs with regular size and a smooth surface. Therefore, possible 
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mechanisms responsible for the ANP-mediated effects on TNF-α level (4.2.25.2.2) and survival of 

animals (4.2.15.2.1) where further investigated in the kidney. 

NF-κB is one of the most important mediators of the LPS signaling pathway. Thus, modifications in 

binding activity of NF-κB as a possible reason for changes in serum TNFα-levels were investigated. 

As illustrated in figure 29, LPS treatment caused a significant increase in NF-κB binding activity in the 

kidney. This effect is characteristic for LPS-induced sepsis. The basal NF-κB binding activity in tissue of 

NaCl-treated animals was very low and ANP injection alone had no effect on this parameter. 

Preconditioning with ANP, however, provoked a significant decrease of NF-κB binding activity during 

endotoxemia as soon as 15 min after LPS injection (figure 29 A), further decreasing after 30 min (figure 

29 B). 

 

 

 

 

 

 

 

 

 

 

 

 

figure 29: ANP pretreatment reduces NF-κB binding activity in the kidney after LPS-induced sepsis. 
Animals received an i.v. injection of NaCl (Co) or ANP (5 µg/kg b.w.) 20 min prior to i.p. 
injection of LPS (1 mg/kg b.w.). Co: NaCl-treated; ANP: ANP i.v., after 20 min NaCl i.p.; 
LPS: NaCl i.v., after 20 min LPS i.p.; ANP/LPS: ANP i.v., 20 min later LPS i.p.. 15 min (A) 
or 30 min (B) after LPS injection kidneys were excised, snap-frozen, homogenized, and 
investigated by EMSA (for details see 3.3 and 3.6). 
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4.2.3.2 Effect of ANP on distribution of the NF-κB subunit p65 after LPS-induced sepsis 

 

To confirm the data of NF-κB binding activity detected by EMSA, we focused on the distribution of the NF-

κB subunit p65. NF-κB-translocation was investigated by staining of the p65 subunit in snap-frozen slices 

of kidney tissue and images were obtained by confocal microscopy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

figure 30: ANP prevents translocation of the NF-κB subunit p65 into the nucleus. Animals received 
an i.v. injection of NaCl or ANP (5 µg/kg b.w.) 20 min before i.p. injection of NaCl or LPS (1 
mg/kg b.w.). Four treatment groups were investigated: Controls (NaCl) received NaCl 
injections only; ANP: ANP i.v. and NaCl i.p. 20 min later; LPS: NaCl i.v. and LPS i.p. 20 
min later; ANP/LPS: ANP i.v., LPS i.p. after 20 min. 30 min after LPS-injection (t = 30 min) 
kidneys were excised, snap-frozen, and slices were stained. Blue: nuclei, red: p65. Images 
were obtained as described in chapter 3.3.3.2 and 3.4.3. 
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As illustrated by confocal microscopy, p65 translocated into the nuclei of kidney cells after LPS treatment 

(figure 30). Pretreatment with ANP prevented this translocation shown by marginal location of p65 in the 

cytosol. 

 

4.2.3.3 Protein level of total IκBα and phosphorylation of IκBα 

 

We were now interested in the mechanisms responsible for ANP-mediated inhibition of NF-κB. 

In NaCl-treated animals (Co) basal levels of total IκBα and phosphorylated IκBα could be detected (figure 

31). ANP treatment had no effect on the amount of total IκBα or the phosphorylation of IκBα. Increased 

phosphorylation of IκBα was detectable 15 min after injection of LPS (figure 31 A). This effect became 

even more obvious in kidneys excised 30 min after LPS injection (figure 31 B). Simultaneously, we 

observed decreased levels of total IκBα in kidneys of LPS-treated animals, pointing to an increased 

degradation of the NF-κB inhibitor. In contrast, ANP preconditioning caused only a slight decrease in 

phosphorylation of IκBα. This resulted in minor degradation of IκBα and thus a higher content of total IκBα 

in the samples (figure 31). 

 

 

 

 

 

 

 

 

 

 

 

figure 31: After LPS-induced sepsis ANP pretreatment causes decreased phosphorylation of IκBα and 
increased content of total IκBα compared to samples of the LPS-group. 20 min after i.v. injection of 
NaCl or ANP (5 µg/kg b.w.) animals were injected i.p. with NaCl or LPS. Co: NaCl treatment only; 
ANP: ANP i.v., 20 min later injection of NaCl; LPS: NaCl i.v. before LPS i.p. after 20 min; ANP/LPS: 
ANP i.v., 20 min later LPS i.p.. 15 min (A), and 30 min after LPS injection respectively (B), kidneys 
were excised, snap-frozen and analyzed by Western Blot (3.3.3.2 and 3.5.) 



5. Discussion 

 



5 Discussion 

 
 

78

5.1 EFFECTS OF ANP DURING ISCHEMIA AND REPERFUSION IN 

THE LIVER 

 

5.1.1 Ex vivo pretreatment with ANP causes p38 MAPK-dependent 

changes in hepatocytes cytoskeleton 

 

In previous studies we demonstrated that ANP and IR influence the cytoskeleton in liver tissue (diploma 

thesis). Although hepatic content of total actin is affected neither by IR alone nor by pretreatment of livers 

with ANP, we observed increased levels of filamentous actin (F-actin) in ANP-pretreated livers. This 

augmentation of F-actin content was observed in fractions containing plasma membranes of whole livers, 

but the involved cells were not identified. Since F-actin is know to play a crucial role in stabilization of the 

cytoskeleton and consequently in preservation of an intact cell morphology (Banan,A. et al., 2000), these 

ANP-mediated changes were suspected to be an essential part of the peptide’s cytoprotective action 

during IR (Gerbes,A.L. et al., 1998b). 

Our data also showed that ANP preconditioning ex vivo provokes changes in protein levels and in 

localization of the small heat shock protein Hsp27. While ischemic livers showed a shift of Hsp27 from the 

cytosolic to the cytoskeletal fraction, ANP pretreatment completely abrogated this translocation of the 

heat shock protein. These findings correlated with a translocation of Hsp27 to the cytoskeleton which was 

observed after ischemia and reoxygenation in a myoblast cell line (Sakamoto,K. et al., 1998), in the 

isolated rat heart (Sakamoto,K. et al., 2000a), and in vivo in the rabbit heart (Sakamoto,K. et al., 2000d, 

Sanada,S. et al., 2001c). Moreover, Huot et al. showed that Hsp27 has protective properties in CCL39 

cells with respect to cytoskeletal damage which can be caused by oxidative stress (Huot,J. et al., 1996). 

Subsequently, the results of the diploma thesis led to the question about possible signaling pathways 

participating in alteration of actin polymerization, translocation of Hsp27, and the potential of 

activation/phosphorylation of the heat shock protein. In addition, it had to be analyzed which cell type in 

the liver shows cytoskeletal changes mediated by ANP and whether there are any functional 

consequences during IR. 
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5.1.1.1 Role of p38 MAPK in ANP-mediated cytoskeletal changes in the liver after ischemia 

 

 

ANP has previously been shown to lead to a marked activation of the mitogen-activated protein kinase 

(MAPK) p38 (Kiemer,A.K. et al., 2002h). However, to date there are no data about functional 

consequences of this activation in the liver. Interestingly, this protein kinase has been shown to cause 

cytoskeletal changes in various in vitro systems, for example in cultured Chinese hamster CCL39 cells, 

HeLa cells, Chinese hamster fibroblasts, and pancreatic acini (Guay,J. et al., 1997, Landry,J. et al., 

1995f, Schafer,C. et al., 1998). Nevertheless, similar pathways in the liver are as yet unknown. We were 

therefore interested whether p38 MAPK is involved in the cytoskeletal changes we found in ANP-treated 

livers after ischemia. 

In order to test this hypothesis, we applied the p38 MAPK inhibitor SB203580 at a concentration of only 2 

µM to assure its specificity (McGovern,S.L. et al., 2003). Importantly, the inhibitor completely abolished 

the ANP-induced effect of increased F-actin content in pretreated livers. Thus, we show for the first time 

that ANP-mediatedp38 MAPK activation (Kiemer,A.K. et al., 2002g) leads to hepatic cytoskeletal changes 

by an increase of the hepatic F-actin content in rat livers. 

 

 

5.1.1.2 Phosphorylation status of Hsp27 

 

In previous studies we showed that ex vivo preconditioning with ANP causes changes in protein levels 

and localization of the small heat shock protein Hsp27 (diploma thesis). It is known that these changes, 

as well as the function of Hsp27, largely depend on the phosphorylation status of the heat shock protein 

(Benndorf,R. et al., 1994a, Lutsch,G. et al., 1997). Thus, in subsequent investigations we focussed on 

this parameter. 

In fact, our results clearly point to an influence of ANP on the phosphorylation status of Hsp27 after the 20 

min preconditioning period as well as after 24 h ischemia. The correlation between ANP preconditioning 

and phosphorylation of Hsp27 resembles data presented by Sanada et al., showing increased Hsp27 

phosphorylation after ischemic preconditioning in the heart in vivo (Sanada,S. et al., 2001b). 
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In addition, our data show that ischemic conditions cause phosphorylation of Hsp27 in isolated perfused 

rat livers. This is in line with the results of Huot et al. demonstrating an increased content of 

phosphorylated Hsp27 in Chinese hamster CCL39 cells and human umbilical vein endothelial cells 

(HUVECS) respectively, after exposure to cellular stressors like TNF-α or H2O2 (Huot,J. et al., 1995, 

Huot,J. et al., 1997). 

Little is known about the downstream targets of hepatic p38 MAPK activation by ANP. However this 

protein kinase has been demonstrated to play an important role in the liver for example in regulation of 

translational processes upon cellular stress, influencing production of TNF-α and IL-1 after burn-induced 

liver injury, and in vivo p38 has been demonstrated to activate the transcription factor AP-1 and 

MAPKAPK2 after heat shock (Chen,X.L. et al., 2005, Maroni,P. et al., 2000, Wang,X. et al., 1998). 

Previous experiments have shown that phosphorylation of Hsp27 is exhibited by the p38 MAPK / 

MAPKAPK2 pathway in other systems (Freshney,N.W. et al., 1994a, Landry,J. et al., 1995g, 

Murashov,A.K. et al., 2001a, Nakano,A. et al., 2000b, Sanada,S. et al., 2001a). For this reason, we 

investigated the importance of p38 MAPK in the phosphorylation of Hsp27 in ANP-pretreated livers after 

ischemia. 

Livers were perfused with SB203580 in combination with ANP. In fact, an inhibition of p38 MAPK 

decreased the phosphorylation status of Hsp27 to basal levels. Thus, our results clearly prove the 

dependency of Hsp27 phosphorylation on previous activation of p38 MAPK in the liver. 

 

 

5.1.1.3 Functional consequences of changes in hepatocytes cytoskeleton 

 

The results of the final year project (diploma thesis) pointed out ANP-mediated changes in cytoskeletal 

structures of preconditioned liver cells during IR. In the present work, we clearly demonstrate that ANP 

pretreatment causes an increase in F-actin content, which occurs particularly at the plasma membranes 

of hepatocytes after ischemia. 

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 (Marceau,N. et al., 2001, Song,J.Y. et al., 1996b, Wang,Y.J. et al., 2002b). In addition, 
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increased hepatic F-actin levels are thought to stabilize the cytoskeleton and to improve contractility 

which results in improved bile flow after ischemia (Rungger-Brandle,E. et al., 1983). 

Recently, Gomes et al. proved that ischemic preconditioning (IPC) preserves rat kidneys from IRI. The 

improved function and morphology of kidney tissue was accompanied by an upregulation of genes 

encoding for cytoskeletal proteins. The demonstrated increase in mRNA levels of these proteins, which 

have an F-actin-stabilizing function and are therefore crucial for the maintenance of cellular structures, is 

suggested to improve tolerance of preconditioned tissue to ischemia (Gomes,M.D. et al., 2003). The 

augmented transcription of cytoskeletal proteins is already observed after 30 min of preconditioning. Our 

findings of an increased F-actin content in ANP-preconditioned livers are therefore suggested to be a 

consequence of enhanced synthesis of this cytoskeletal protein. Thus, the influence of protective 

preconditioning (IPC or ANP pretreatment) on F-actin content of the affected tissue is confirmed. ANP 

preconditioning as well as IPC defends the liver from IRI (for review see (Carini,R. et al., 2003c)). 

Furthermore, F-actin plays a crucial role in regulation of cell morphology, intracellular transport 

processes, exo- and endocytosis, and canalicular motility responsible for bile flow (Denk,H. et al., 1986, 

Fisher,M.M. et al., 1979, Marceau,N. et al., 2001). In addition cytoskeletal structures are important to 

ensure stability and mobility of liver cells (Arias I.M., 2001a). 

We therefore hypothesized that an augmentation of hepatic F-actin after ischemia might be a feature of 

the cytoprotective activities of ANP. Surprisingly, we found no improvement of bile flow although F-actin 

content increases in the pretreated organs. In consequence, in the isolated perfused liver the ANP-

mediated effect on the cytoskeletal structure of hepatocytes might just not be strong enough to facilitate a 

correlation between ANP pretreatment and protection of the liver against IRI with respect to functional 

parameters. Thus, further targets of ANP-induced signaling which might be responsible for cytoprotective 

effects of the peptide have to be investigated in the future. 
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5.1.2 ANP treatment in vivo has anti-apoptotic effects mediated via the 

PI3-kinase pathway                                                                      

 

 

5.1.2.1 ANP reduces apoptotic cell death in liver tissue 

 

The type of cell death occurring during hepatic IR as well as the importance of apoptosis versus necrosis 

remains a controversial issue. In this context, Gu et al. and Rosser et al. proposed that necrotic cell death 

is the main cause of tissue damage during IR (Gu,X.P. et al., 2004, Rosser,B.G. et al., 1995b). Gujral et 

al. share this opinion in a paper in which they assess this type of cell death in liver tissue during IR 

according to morphological criteria, TUNEL staining of tissue, and caspase-activity in liver samples as the 

only relevant (Gujral,J.S. et al., 2001a). On the other hand, there are numerous studies demonstrating 

that liver cells die of apoptotic cell death. It has been shown that 50-70% of endothelial cells and 40-60% 

of hepatocytes undergo apoptosis during reperfusion (Gao,W. et al., 1998b, Kohli,V. et al., 1999a). 

Furthermore, it has previously been demonstrated that in vivo application of caspase inhibitors leads to a 

complete abrogation of cell death in hepatocytes and protects against IRI, thus referring to apoptosis as 

the major type of cell death during IR (Cursio,R. et al., 1999b). Application of a specific inhibitor of 

caspase 3 and 7 even causes improved survival after IR in rat liver transplantation supporting a critical 

role of apoptotic cell death for loss of function of this organ (Mueller,T.H. et al., 2004b). Since Gerwig et 

al. proved that ANP pretreatment prevents apoptosis in the model of the isolated perfused liver with major 

effects after 24 h cold ischemia (Gerwig,T. et al., 2003b), we were now interested whether 

preconditioning in vivo protects the liver from IRI and which signaling pathways are involved in the effect 

of the peptide hormone with regard to apoptotic cell death during IR. 

Our results clearly demonstrate that ANP-treated livers display a marked decrease of caspase-3-like 

activity by around 30% compared to control. Additionally, the number of TUNEL-positive cells in ANP-

preconditioned livers is significantly lower than in controls. This reduction of apoptotic cell death is an 

important parameter for cytoprotective effects in vivo following IR, as demonstrated in numerous studies. 

Vilatoba et al. for example presented a correlation of decreased apoptotic cell death and improvement of 
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liver regeneration and survival after warm ischemia in 17-betaestradiol-treated mice (Vilatoba,M. et al., 

2005). Ischemic preconditioning, which has been proven to reduce IRI in many cases, also leads to an 

inhibition of apoptosis of liver cells demonstrating the importance of this type of cell death during IR 

(Glanemann,M. et al., 2004). Moreover, Contreras et al. showed that the application of caspase-3 small 

interference RNA, which specifically suppresses the expression of the gene encoding for caspase-3, 

protects from IRI by improving functional parameters and morphology of liver tissue in vivo 

(Contreras,J.L. et al., 2004b). As our results revealed that ANP in vivo causes a decline in apoptotic cell 

death in liver tissue after ischemia, these data point to a beneficial effect of the peptide in liver 

transplantation. 

 

 

5.1.2.2 Anti-apoptotic effects of ANP preconditioning in vivo are not mediated via PKA 

 

Based on recent findings of Kulhanek et al. indicating activation of PKA as a key event in prevention of 

hepatic IRI after cold ischemia ex vivo (Kulhanek-Heinze,S. et al., 2004a), we investigated the role of 

PKA activity in our in vivo model of liver IR. In contrast to Kulhanek et al., who showed an inhibition of 

anti-apoptotic effects of ANP via inhibition of PKA, we could clearly demonstrate that this kinase is not 

involved in ANP-mediated anti-apoptotic effects in vivo: there was neither a detectable change in PKA 

activity nor in the phosphorylation status of the downstream target Bad at its PKA-specific 

phosphorylation site Ser 112 (Harada,H. et al., 1999). Since Kulhanek et al. performed their experiments 

ex vivo in the model of isolated perfused rat liver the controversial observations are explainable by the 

different experimental settings used. Therefore, we concentrated on other signaling pathways possibly 

involved in the anti-apoptotic effects of ANP. 

 

 

 

 

 

 



5 Discussion 

 
 

84

5.1.2.3 ANP-mediated in vivo effects involve the PI3-kinase pathway: Phosphorylation and 

translocation of Akt 

 

Cullen et al. recently demonstrated anti-apoptotic effects in hepatocytes to be mediated via PI3-kinase 

activation and completely independent of PKA (Cullen,K.A. et al., 2004). Due to the importance of this 

kinase as a mediator of cellular survival (Datta,S.R. et al., 1999b, Osaki,M. et al., 2004b), we 

subsequently focused on the PI3-kinase pathway. 

By using the PI3-kinase inhibitor Wortmannin (WM) which completely abrogated inhibition of caspase-3-

like activity after ANP pretreatment, we demonstrated that anti-apoptotic effects of ANP depend on a 

preceding activation of PI3-kinase. This observation is in line with results obtained by Tong et al. and 

Mocanu et al. showing that in the heart repression of the PI3-kinase pathway by administration of WM 

abrogated protective effects of ischemic preconditioning (IP) (Mocanu,M.M. et al., 2002, Tong,H. et al., 

2000). Also in preconditioned hepatocytes PI3-kinase inhibition abolishes the tolerance to hypoxic 

damage, therefore confirming the assumption that protective effects of IP are mediated via the PI3-kinase 

pathway (Carini,R. et al., 2004). 

To elucidate ANP-mediated signaling mechanisms involving the PI3-kinase pathway we next focussed on 

an important downstream target of the PI3-kinase: the survival kinase Akt. This kinase plays a pivotal role 

in anti-apoptotic signaling (Armstrong,S.C., 2004, Downward,J., 2004a). As previously demonstrated, Akt 

is rapidly activated after partial hepatectomy and is important for survival of hepatocytes, regeneration of 

the liver, and also protection of the heart against IRI (Hausenloy,D.J. et al., 2005a, Hong,F. et al., 2000). 

It is known that activity of Akt is regulated via binding of phosphatidylinositol 3,4,5 triphosphate (PIP3) and 

PI(3,4)P2 located at the plasma membrane of the affected cells. This causes the translocation of Akt from 

the cytosol to the plasma membrane followed by its phosphorylation (Datta,S.R. et al., 1999a). Regarding 

these facts we investigated whether ANP pretreatment influences the distribution and phosphorylation 

status of Akt in hepatic cells. 

Our findings which showed a significant augmentation of phospho-Akt levels in ANP-pretreated livers 

support results of Kook et al. (Kook,H. et al., 2003) who found an increased phosphorylation of Akt in 

endothelial cells after ANP preconditioning. According to recent findings, an activation of Akt in the liver 

during warm IR in vivo is also protective (Harada,N. et al., 2004c). This strengthens our hypothesis that 

ANP exerts protective, anti-apoptotic effects via an activation of Akt. 
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With respect to the localization of Akt we observed a translocation of the kinase from the cytosol to the 

plasma membrane in hepatocytes of ANP-pretreated livers. This translocation has been suggested to be 

a consequence of binding of the PIP2 and PIP3 to Akt and is essential for activation of Akt (Datta,S.R. et 

al., 1999g). This has also been demonstrated by studies investigating the protective effects of Akt in vitro 

in cardiomyocytes as well as in vivo in heart and liver using an adenoviral construct encoding for a 

constitutively-active, membrane-targeted form of Akt (Harada,N. et al., 2004b, Hausenloy,D.J. et al., 

2005b, Matsui,T. et al., 1999, Miao,W. et al., 2000). 

Based on our findings demonstrating ANP-mediated anti-apoptotic effects on ischemic liver cells in vivo 

via Akt, we subsequently focused on possible downstream targets of the survival kinase involved in the 

anti-apoptotic signaling. 

 

 

5.1.2.4 Bad is phosphorylated by Akt after ANP pretreatment in vivo 

 

In its unphosphorylated form, the apoptosis-regulating factor Bad acts as an inhibitor of anti-apoptotic 

proteins like Bcl-2 or Bcl-XL and thus promotes apoptotic processes (Chao,D.T. et al., 1998, Wang,H.G. 

et al., 1999). After phosphorylation at Serine (Ser) 112 by PKA or at Ser 136 by Akt, Bad detaches from 

Bcl-2 or Bcl-XL thereby facilitating anti-apoptotic effects (Datta,S.R. et al., 1999i). Phosphorylation of Bad 

via Akt at Ser 136 is one essential event responsible for the anti-apoptotic effects of the survival kinase 

(Datta,S.R. et al., 1999h). Thus, inhibition of PI3-kinase and subsequently decreased phosphorylation of 

its downstream target Akt reverses the protective effects of Akt-activation. In this context, Harada et al. 

showed in a different model of IR in vivo that Bad phosphorylation plays a crucial role in protection of liver 

cells against apoptotic cell death (Harada,N. et al., 2004a). Our data demonstrate that application of WM, 

thus inhibiting the PI-3kinase pathway, not only prohibits phosphorylation and subsequently activation of 

Akt but also prevents Bad phosphorylation. With regard to the phosphorylation site of Bad being 

responsible for the anti-apoptotic effects of Akt we demonstrated that Ser 136 is phosphorylated while 

phosphorylation at Ser 112 is completely unaffected after ANP preconditioning. It has been shown that 

mutation of Ser 136 to alanine causes abrogation of survival-promoting properties of Akt. On the other 

hand, mutation of Bad at Ser 112 has no influence on Akt-mediated anti-apoptotic signaling (Datta,S.R. et 
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al., 1999j). 

Based on this knowledge we clearly demonstrated that ANP mediates its anti-apoptotic effects in the liver 

after IR in vivo via the PI3-kinase / Akt pathway and subsequent phosphorylation of Bad at Ser 136. 

 

 

5.1.2.5 No effect on transaminase activity and bile flow after ANP pretreatment in vivo 

 

Due to our findings that ANP pretreatment in vivo reduces apoptosis in liver tissue after IR we finally 

aimed to elucidate functional consequences of this effect in the liver. The data of Gerwig et al. (Gerwig,T. 

et al., 2003a) clearly demonstrate a decrease in necrotic cell death in combination with anti-apoptotic 

effects in ANP-preconditioned livers. In contrast, we were not able to show anti-necrotic effects of the 

peptide in vivo. Interestingly, Cursio et al. found out that an application of caspase-inhibitors blocks 

apoptosis in liver tissue thereby assuring survival of 95 % of the animals after lethal warm liver ischemia, 

and assigning the major role in cell death during IR to apoptosis (Cursio,R. et al., 1999a). However, they 

furthermore showed that despite a complete inhibition of caspases, the activity of transaminases, though 

drastically reduced, remains relatively high. Apoptotic cell death is therefore assumed to be accompanied 

by necrosis of liver cells during IR. Regarding the nonexisting improvement of bile flow after 

transplantation, the results of Mueller et al. are interesting to discuss (Mueller,T.H. et al., 2004a). They 

demonstrated improved survival of rats after liver transplantation provoked by application of a caspase-3-

inhibitor but could not observe any melioration regarding bile flow after transplantation. In our setting, 

ANP preconditioning in vivo only reduced caspase-3-like activity after ischemia to about 60%. This 

inhibitory effect might not be strong enough to have an influence on the amount of necrotic cells pointing 

to a possible explanation for the inability of ANP to influence transaminase activity. 

With regard to parameters of liver function, our results furthermore indicate that apoptotic cell death in 

liver cells is not the only parameter leading to tissue damage and dysfunction. Though caspase-3-like 

activity increases after ischemia in untreated cells and ANP preconditioning prevents this augmentation, 

the portion of liver cells dying from apoptosis may be too small to be solely responsible for tissue 

damage. Therefore, inhibition of apoptosis during IR does not necessarily cause general protection of the 

organ. This opinion is also represented by Gujral et al., reasoning that if apoptosis was the primary 
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mechanism of cell death leading to IRI, inhibition of apoptotic processes, like caspase activity, should 

rapidly ameliorate organ function (Gujral,J.S. et al., 2001d). 

Another explanation for the lack of beneficial effects by ANP on functional parameters might be the 

experimental setting itself. Although Cottart et al. investigated influence of the peptide in the liver in vivo 

and observed a decrease in AST (-30%) and LDH (-40%) plasma activity after 1 h reperfusion 

(Cottart,C.H. et al., 2003d), it has to be mentioned that a completely different experimental setting was 

used. Warm partial ischemia (37 °C) was performed for 45 min followed by liver perfusion for up to  

6 h. Furthermore, the ANP dose used was twice as high as in our experiments (10 µg/kg b.w.) and livers 

were not transplanted, but reperfused after ischemia. Thus, in our model of ANP preconditioning before 

cold ischemia in vivo, the protective impact of the peptide may just not be strong enough to lead to a 

significant beneficial outcome after liver transplantation. 
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5.2 EFFECTS OF ANP DURING LPS-INDUCED SEPTIC SHOCK 

 

 

5.2.1 ANP preconditioning maintains survival after LPS-induced septic 

shock 

 

In previous studies of our group ANP has been shown to possess anti-inflammatory and cytoprotective 

properties in vitro after stimulation of HUVECs with TNF-α (Kiemer,A.K. et al., 2002u, Kiemer,A.K. et al., 

2002q, Weber,N.C. et al., 2003a). Moreover, we demonstrated that ANP exhibits anti-inflammatory 

effects in bone marrow derived macrophages after stimulation with LPS (Kiemer,A.K. et al., 2000c, 

Kiemer,A.K. et al., 2002n). In LPS-mediated activation of KC the peptide increased phagocytosis activity 

of KC and reduced TNF-α secretion (Kiemer,A.K. et al., 2002c). Besides these in vitro observations, 

inhibition of the ANP receptor binding involved inflammation in vivo in rats with serotonin (5-HT2A) 

receptor- mediated acute hemodynamic changes (Tozawa,Y. et al., 2002a). In LPS-treated mice, 

preconditioning with ANP markedly reduced thromboxane B2 level in the blood, also pointing to anti-

inflammatory properties of ANP (Kiemer,A.K. et al., 2002o). 

The findings of Qu et al. point to a possible participation of ANP in regulation of plasma volume during 

endotoxemia (Qu,X.W. et al., 1998b). Additionally, increased plasma ANP levels have been observed in 

patients with septic shock (Lubbesmeyer,H.J. et al., 1988, Mitaka,C. et al., 1993), and Morgenthaler et al. 

even discuss Pro-ANP as a prognostic marker in sepsis (Morgenthaler,N.G. et al., 2005c). During 

endotoxic shock augmentation of ANP concentrations in the plasma persists until 24 h after LPS injection 

(Aiura,K. et al., 1995a). These findings allude to a role of ANP as a protective endogenous regulator of 

defensive mechanisms during inflammatory processes in vivo. To date, however, there are no data 

explaining the signaling mechanism responsible for ANP-mediated effects during endotoxemia. Therefore 

we were now interested whether ANP exhibits anti-inflammatory actions in vivo in a murine model of LPS-

induced endotoxemia thereby influencing survival of animals. 

Lethal LPS doses in murine models of endotoxemia highly vary and depend on origin, quality, and 

manufacturer of LPS samples used for experiments (Gorgen,I. et al., 1992c, Kuhnle,S. et al., 1999, 
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Tiegs,G. et al., 1994). On this account, we first determined the lethal LPS dose for our experimental 

setting of LPS-induced sepsis in mice. Using LPS from Salmonella abortus equi, we figured out that i.p. 

injection of 3 mg/kg b.w. LPS is lethal to mice, whereby 100 % of the animals die within 25 h. 

Interestingly, ANP pretreatment protects mice against LPS-induced sepsis in vivo and guarantees 80 % 

survival of the animals even 72 h after LPS administration. 

Based on these results we subsequently focused on the mechanism involved in ANP-mediated survival 

after LPS-induced sepsis. 

 

 

5.2.2 ANP causes reduction of serum TNF-α concentration after LPS-

induced sepsis 

 

TNF-α is one of the central pro-inflammatory cytokines and a prominent marker for inflammatory 

processes during sepsis (Gorgen,I. et al., 1992b, Guha,M. et al., 2002, Munoz,C. et al., 1991). 

The serum levels of this cytokine are markedly increased during the inflammatory response to LPS in a 

murine model of septic shock (Barsig,J. et al., 1995). As Gorgen et al. point out coherence between 

suppression of TNF-α production and survival of mice after LPS-induced septic shock (Gorgen,I. et al., 

1992a), we were interested in the effects of ANP on serum TNF-α levels during endotoxemia. 

Interestingly, ANP preconditioning reduces TNF-α concentration up to 50 % compared to LPS-treated 

animals. In vitro ANP has previously been demonstrated to possess anti-inflammatory activities. Prior 

studies showed that the production of TNF-α is inhibited by ANP pretreatment in murine macrophages 

stimulated with LPS, and Interferon-gamma respectively (Kiemer,A.K. et al., 2000d, Tsukagoshi,H. et al., 

2001c). Furthermore, ANP treatment abrogates LPS-induced increase of TNF-α in human blood and 

reduces TNF-α secretion and phagocytotic activity of rat Kupffer cells (KC) (Kiemer,A.K. et al., 2000e, 

Kiemer,A.K. et al., 2002d). 

However, the role of the TNF-α level in serum as a prognostic marker during sepsis for survival of 

patients and the clinical relevance of an anti-TNF-α therapy are discussed controversially. On the one 

hand, Atici et al. reported that in infants suffering from sepsis, TNF-α levels are significantly elevated, but 
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are not different in surviving and non-surviving neonates (Atici,A. et al., 1997). Thus, the authors conclude 

that there is no correlation between TNF-α serum concentration and the outcome of neonatal sepsis. On 

the other hand, Collighan et al. and Damas et al. showed that a decrease in serum TNF-α level is directly 

linked to survival of septic patients and is therefore suitable for an estimation of sepsis severity score 

(Collighan,N. et al., 2004, Damas,P. et al., 1989). With respect to efficacy of anti-TNF-α compounds 

during sepsis some studies revealed only small survival benefit as described by Reinhart et al. 

(Reinhart,K. et al., 2001). However, it has recently been demonstrated that Afelimomab, a monoclonal 

anti-TNF-α antibody fragment, reduces mortality and attenuates the severity of organ dysfunction in 

patients with severe sepsis (Panacek,E.A. et al., 2004). Moreover, Matsumoto et al. demonstrated in a 

murine model of gut-derived sepsis that treatment with an anti-TNF-α monoclonal antibody significantly 

increases survival of animals, whereas application of recombinant human TNF-α increases the mortality 

rate in comparison to saline-treated mice (Matsumoto,T. et al., 1997). In fact, the results of the present 

study suggest for our experimental setting an inverse correlation between the serum TNF-α levels and 

survival of animals. Pretreatment and thus inhibition of production of TNF-α might prevent increase in 

serum levels of this cytokine and could be a key event in facilitating survival in the present study. 

Therefore, signaling pathways leading to TNF-α release are an important target for ANP mediated 

protective effects in LPS-induced sepsis and were therefore further investigated. 

 

 

5.2.3 Intervention of ANP into LPS-signaling in the kidney 

 

ANP has been demonstrated to play a protective role during inflammatory processes and in the kidney 

regarding acute renal failure (Lieberthal,W. et al., 1990, Raine,A.E. et al., 1989). Due to leukocytes 

infiltration, inflammatory processes such as activation of NF-κB and subsequent increased expression of 

inflammatory genes in mesangial cells, renal tubular epithelial cells, and urothelial cells this organ is 

seriously affected during sepsis (Gjertsson,I. et al., 2001b, Guijarro,C. et al., 2001b). Furthermore, ANP 

levels have been demonstrated to be increased in kidneys of sheep suffering from endotoxemia, thereby 

influencing renal functions (Hinder,F. et al., 1996). 

Our experiments, interestingly, revealed that kidneys from LPS-treated animals were obviously damaged, 
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those from ANP-injected mice were hardly affected in their structural appearance pointing to ANP-

induced effects in this organ. 

Based on the observation of decreased serum TNF-α levels in ANP-treated septic animals and the 

knowledge that this cytokine is regulated via NF-κB (Barnes,P.J. et al., 1997), we next investigated the 

role of NF-κB in ANP-mediated effects during endotoxemia. NF-κB is an important component regulating 

the inflammatory and immune response by inducing the expression and release of cytokines and other 

pro-inflammatory mediators (Blackwell,T.S. et al., 1997b, Hayden,M.S. et al., 2004). Abraham et al. 

furthermore demonstrated that activation of NF-κB dependant pathways is crucial for the development of 

septic shock and thus, regulation of this parameter is an attractive therapeutic option (Abraham,E., 2003).  

Activation of NF-κB plays a crucial role in inflammatory processes causing severe damage of the kidneys 

as shown in models of systemic inflammation, nephritis, tubulointerstitial disorders, and proteinuria 

(Guijarro,C. et al., 2001c). Pocock et al. observed in kidneys of LPS-tolerant rats a significant 

downregulation of NF-κB activity (Pocock,J. et al., 2003). Although Gjertsson et al. show that 

administration of antisense oligonucleotides to the p65-subunit of NF-κB has no effect on the clinical 

outcome of septic arthritis or sepsis (Gjertsson,I. et al., 2001a), there are definitely more data indicating 

the inhibition of NF-κB activity as a promising target for anti-inflammatory therapies of renal diseases. 

Thus, Tamada et al. demonstrate that inhibition of NF-κB activation prevents renal fibrosis and interstitial 

inflammation in chronic tacrolimus (FK506) nephropathy (Tamada,S. et al., 2003). Additionally, prevention 

of NF-κB activation by an application of anti-inflammatory substances like partenolide and gliatoxin 

improves the outcome of experimental glomerulonephritis in rats (Lopez-Franco,O. et al., 2002a). The 

kidneys of either partenolide- or gliatoxin-treated animals showed an inhibition of NF-κB activity combined 

with protection against renal lesions, proteinuria and monocyte infiltration. Further in vivo studies also 

suggest the inhibition of NF-κB activity to be responsible for anti-inflammatory and thus renal protective 

effects of the glucocorticoid prednisolon making this transcription factor an important target for continuing 

investigation (Komiya,T. et al., 2004, Sakurai,H. et al., 1997). 

In vitro ANP has been shown to possess anti-inflammatory properties causing a reduction of NF-κB 

binding activity in LPS-stimulated, and Interferon-gamma-activated murine macrophages respectively 

(Kiemer,A.K. et al., 1998b, Tsukagoshi,H. et al., 2001a). In human cells (HUVECs) ANP-treatment 

prevented TNF-α-induced NF-κB activity (Kiemer,A.K. et al., 2002t). Moreover, it has been demonstrated 

that ANP prevented the increase of NF-κB activity occurring during reperfusion in ischemic rat livers and 
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Irwin et al. previously demonstrated that treatment with ANP prevents hypoxia-induced activation of NF-

κB in bovine pulmonary endothelial cells (Irwin,D.C. et al., 2005a, Kiemer,A.K. et al., 2000j). Vellaichamy 

et al. additionally observed an activation of NF-κB in vivo due to absence of ANP-mediated anti-

inflammatory actions in hearts of mice lacking the gene encoding for the ANP receptor (NPR-A) 

(Vellaichamy,E. et al., 2005). 

In the present study investigation of NF-κB binding activity in kidneys of septic mice clearly reveals that 

the NF-κB binding activity increases in the kidney during endotoxaemia. Interestingly, pretreatment with 

ANP completely compensates this inflammatory action, causing a decrease in NF-κB binding activity 

during LPS-induced sepsis. Therefore, we presumed that ANP mediates its anti-inflammatory effects via 

the NF-κB pathway and subsequently concentrated on studying further processes involved in NF-κB 

activation. 

Dimerization of the p50 and p65 subunit is essential for activation of NF-κB. The p50 subunit lacks the 

transactivating domain which enables NF-κB to activate gene transcription (Adrie,C. et al., 2000, 

Blackwell,T.S. et al., 1997a). Consequently, homodimers of p50 cause NF-κB dysfunction in vitro 

(Viatour,P. et al., 2005, Ziegler-Heitbrock,H.W. et al., 1994). The p65 subunit, however, which contains a 

transactivation domain at the C-terminal end, is crucial for transcriptional actions of NF-κB. Under normal 

conditions, NF-κB is present in the cytoplasm in complex with its inhibitor IκBα (Annane,D. et al., 2005a). 

After stimulation, for example by binding of LPS to its receptor, the transcription factor translocates into 

the nucleus in order to bind to specific DNA recognition sites (Annane,D. et al., 2005d). 

In vitro ANP has been demonstrated to decrease TNF-α-induced translocation of p65 into the nucleus in 

HUVECs (Kiemer,A.K. et al., 2002s). Furthermore, pretreatment of isolated rat livers with ANP before IR 

caused markedly reduced protein levels of p50 and p65 in nuclear extracts of liver tissue after reperfusion 

(Kiemer,A.K. et al., 2000i). Such capture of NF-κB in the cytosol has been described to correlate with 

protective anti-inflammatory effects of peroxisome proliferator-activated receptor-gamma (PPR-gamma) 

activators in autoimmune myocarditis as well as with cardioprotective properties of [N-(3,5-bis-

trifluoromethyl-phenyl)-5-chloro-2-hydroxy-benzamide] (IMD-0354), an inhibitor of NF-κB activation 

(Onai,Y. et al., 2004a, Yuan,Z. et al., 2005). 

In our model of endotoxemia translocation of p65 into nuclei was observed in kidney cells of septic mice. 

Interestingly, ANP caused an inhibition of LPS-induced translocation, thus retaining the NF-κB complex in 

the cytosol. Our data therefore demonstrate anti-inflammatory effects of ANP during endotoxemia by 
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means of reduced translocation of the p65 subunit into the nucleus causing decreased NF-κB binding 

activity in vivo and we were now interested in mechanisms involved in this inhibition of NF-κB activity. 

 

 

5.2.3.1 Decreased phosphorylation of IκBα by ANP 

 

IκBα is the best characterized member of the IκB family. As demonstrated in studies with IκBα knockout 

mice, this protein plays a pivotal role in limiting NF-κB activation (Beg,A.A. et al., 1995a, Klement,J.F. et 

al., 1996b). Regulation of NF-κB transcriptional activity is facilitated by reversible binding of IκBα to the 

NF-κB complex, but the suppositions for NF-κB separation, translocation, and subsequent activation have 

been discussed intensively. On the one hand, Henkel et al. represent the opinion that the activation of 

NF-κB depends exclusively on a previous degradation of IκBα, whereas phosphorylation of the inhibitor is 

not mandatory (Henkel,T. et al., 1993). On the other hand, Beg et al. and Gosh et al. clearly demonstrate 

the dependence of NF-κB activation on a previous phosphorylation of its inhibitor (Beg,A.A. et al., 1993, 

Ghosh,S. et al., 1990). They show that IκBα has to be phosphorylated before it becomes separated from 

the NF-κB complex and immediately degraded, whereas free NF-κB translocates into the nucleus, 

subsequently activating further signaling cascades (for review see (Karin,M. et al., 2000). The crucial role 

of IκBα phosphorylation has also been described for LPS-induced NF-κB activation in vitro and in vivo 

(Chen,L.F. et al., 2004c, Chen,L.F. et al., 2004a, Guha,M. et al., 2001). 

In TNF-α-stimulated HUVECs treatment with ANP induced the expression of IκBα (Kiemer,A.K. et al., 

2002r). In contrast, in a model of IR in the isolated rat liver, Kiemer et al. did not see any influence of ANP 

on IκBα levels although NF-κB activity in ANP-treated livers was decreased, therefore suggesting NF-κB 

activation to be independent of IκB-α in this experimental setting (Kiemer,A.K. et al., 2000h). Onai et al. 

suggested the inhibition of IκBα phosphorylation by IMD-0354 (N-(3,5-Bis-trifluoromethyl-phenyl)-5-

chloro-2-hydroxy-benzamide) to be causally involved in the protection of rat hearts from myocardial IRI 

(Onai,Y. et al., 2004b). Furthermore, the results of Lopez et al. point to anti-inflammatory and therefore 

protective properties of an inhibition of phosphorylation and degradation of IκBα with respect to 

glomerulonephritis (Lopez-Franco,O. et al., 2002b). In LPS-treated cultured mesangial cells and 

monocytes the anti-inflammatory substances parthenolide and gliotoxin inhibit the phosphorylation and 
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degradation of IκBα. Additionally, in an in vivo model of experimental glomerulonephritis in rats these 

substances prevent renal lesions, proteinuria, and monocyte infiltration suggesting a crucial role for IκBα 

during inflammatory processes in the kidney (Lopez-Franco,O. et al., 2002c). Moreover, Tashiro et al. 

showed that an inhibition of NF-κB by stabilization of IκBα leads to attenuation of renal fibrosis in rats 

(Tashiro,K. et al., 2003). Therefore, we aimed to investigate the role of IκBα in our model of endotoxemia 

and the influence of ANP on this NF-κB inhibitor in the kidney. 

Our data show a strong phosphorylation of IκBα in kidneys of LPS-treated animals paralleled by 

decreased levels of IκBα pointing at a fast degradation of the inhibitor after phosphorylation. Interestingly, 

ANP causes a reduction in IκBα phosphorylation and therefore reduced degradation of the inhibitor in the 

kidney. Therefore we suggest that ANP prevents translocation and activation of NF-κB by maintaining 

IκBα in its non-phosphorylated state thus preventing inflammatory processes during sepsis in mice. 

With respect to second messengers involved in ANP-mediated effects the cyclic nucleotide cGMP (3´,5´-

cyclic guanosine monophosphate) has been shown to play a crucial role. Protective and anti-inflammatory 

properties of ANP such as prevention of IRI in isolated perfused rat livers (Gerbes,A.L. et al., 1998a, 

Kiemer,A.K. et al., 2000g) , as well as the inhibition of macrophages activation by ANP (Kiemer,A.K. et 

al., 1997a, Kiemer,A.K. et al., 2000f) were shown to be mediated via cGMP. In renal diseases the 

angiotensin II type 2 receptor (AT2-R) was demonstrated to exhibit protective effects via increased 

production of cGMP in the kidney (Matsubara,H., 1998). Moreover, an augmented renal cGMP production 

has been shown to contribute to protection of the kidney in chronic nephritis in rats (Uhlenius,N. et al., 

2002). The beneficial properties of ANP with regard to nephrotoxicity of immunosuppressive agents and 

antibiotics were also attributed to cGMP as the pivotal second messenger: Polte et al. observed in 

cultured proximal tubular cells (LLC-PK1 cells) that the cGMP analogue 8-bromo-cGMP mimics the 

cytoprotective effects of ANP and prevents cyclosporine A-dependent nephrotoxicity (Polte,T. et al., 

2002). Even more importantly, the results of Murakami et al. evidence that application of an adenovirus 

carrying the human ANP gene protects rats from gentamycine-induced renal failure, with cGMP levels 

being significantly increased in animals which received the ANP gene (Murakami,H. et al., 1999). As 

these findings suggest an involvement of cGMP in protective actions of ANP, we hypothesize that this 

second messenger might play a role in ANP-mediated ant-inflammatory properties in vivo. 

Regarding therapeutic potentials of ANP, pretreatment with this peptide might be a prophylactic strategy 

in treatment of patients at risk preventing the onset of inflammatory processes which cause the 
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progression of endotoxemia. However, intense research on further properties of ANP during sepsis in 

other organs and the elucidation of the involved signaling mechanism is required before final conclusions 

can be made about the therapeutic potential of ANP in sepsis. 
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The Atrial Natriuretic Peptide (ANP) has recently been shown to possess cytoprotective potential in a 

variety of experimental settings. Most of the underlying signaling pathways however, remain to be 

clarified. 

In the model of IRI in the isolated perfused rat liver we could show that ANP preconditioning affects 

hepatic cytoskeletal structures. In detail, via activation of p38 MAPK and subsequently phosphorylation of 

Hsp27 ANP treatment of livers leads to enhanced cytoskeletal F-actin content. 

In the in vivo setting of liver-transplantation anti-apoptotic effects of ANP could characterized. ANP 

preconditioning leads to activation of the PI3-K/Akt pathway and inactivation of the pro-apoptotic protein 

Bad. 

In a murine model of sepsis ANP pretreatment was shown to increase survival of the animals, which was 

paralleled by reduced serum TNF-α level.  

Focussing on the kidney, ANP treatment results in inhibition of IκBα degradation. 

In summary, this work contributes to a better understanding of the mechanism of action underlying the 

anti-inflammatory and cytoprotective effects of the Atrial Natriuretic Peptide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work was supported by the Deutsche Forschungsgemeinschaft (DFG-FOR 440/1). 



7. References 

 



7 References 

 
 

99

Abraham, E. Nuclear factor-kappaB and its role in sepsis-associated organ failure. J.Infect.Dis.(2003) 

187 Suppl 2:S364-S369. 

Adrie, C and Pinsky, MR. The inflammatory balance in human sepsis. Intensive Care Med.(2000) 

26:364-375. 

Aiura, K, Ueda, M, Endo, M, and Kitajima, M. Circulating concentrations and physiologic role of atrial 

natriuretic peptide during endotoxic shock in the rat. Crit Care Med.(1995) 23:1898-1906. 

American College of Chest Physicians/Society of Critical Care Medicine Consensus Conference. 

American College of Chest Physicians/Society of Critical Care Medicine Consensus Conference: 

definitions for sepsis and organ failure and guidelines for the use of innovative therapies in 

sepsis. Crit Care Med.(1992) 20:864-874. 

Angus, DC, Linde-Zwirble, WT, Lidicker, J, Clermont, G, Carcillo, J, and Pinsky, MR. Epidemiology 

of severe sepsis in the United States: analysis of incidence, outcome, and associated costs of 

care. Crit Care Med.(2001) 29:1303-1310. 

Annane, D, Bellissant, E, and Cavaillon, JM. Septic shock. Lancet(2005) 365:63-78. 

Annane, D, Sebille, V, Charpentier, C, Bollaert, PE, Francois, B, Korach, JM, Capellier, G, Cohen, 

Y, Azoulay, E, Troche, G, Chaumet-Riffaut, P, and Bellissant, E. Effect of treatment with low 

doses of hydrocortisone and fludrocortisone on mortality in patients with septic shock. 

JAMA(2002) 288:862-871. 

Arias I.M. The Liver: Biology and Pathobiology. (2001) 3: 

Armstrong, SC. Protein kinase activation and myocardial ischemia/reperfusion injury. 

Cardiovasc.Res.(2004) 61:427-436. 



7 References 

 
 

100

Armstrong, SC, Delacey, M, and Ganote, CE. Phosphorylation state of hsp27 and p38 MAPK during 

preconditioning and protein phosphatase inhibitor protection of rabbit cardiomyocytes. J.Mol.Cell 

Cardiol.(1999) 31:555-567. 

Arrigo, AP and Landry, J. Expression and function of the low-molecular weight heat shock proteins. 

(1994) 335-373. 

Atici, A, Satar, M, Cetiner, S, and Yaman, A. Serum tumor necrosis factor-alpha in neonatal sepsis. 

Am.J.Perinatol.(1997) 14:401-404. 

Aufricht, C, Ardito, T, Thulin, G, Kashgarian, M, Siegel, NJ, and Van Why, SK. Heat-shock protein 25 

induction and redistribution during actin reorganization after renal ischemia. Am.J.Physiol(1998) 

274:F215-F222. 

Banan, A, Smith, GS, Kokoska, ER, and Miller, TA. Role of actin cytoskeleton in prostaglandin-induced 

protection against ethanol in an intestinal epithelial cell line. J.Surg.Res.(2000) 88:104-113. 

Barnes, PJ and Karin, M. Nuclear factor-kappaB: a pivotal transcription factor in chronic inflammatory 

diseases. N.Engl.J.Med.(1997) 336:1066-1071. 

Barsig, J, Kusters, S, Vogt, K, Volk, HD, Tiegs, G, and Wendel, A. Lipopolysaccharide-induced 

interleukin-10 in mice: role of endogenous tumor necrosis factor-alpha. Eur.J.Immunol.(1995) 

25:2888-2893. 

Becker, J and Craig, EA. Heat-shock proteins as molecular chaperones. Eur.J.Biochem.(1994) 219:11-

23. 

Beg, AA, Finco, TS, Nantermet, PV, and Baldwin, AS, Jr. Tumor necrosis factor and interleukin-1 lead 

to phosphorylation and loss of I kappa B alpha: a mechanism for NF-kappa B activation. Mol.Cell 



7 References 

 
 

101

Biol.(1993) 13:3301-3310. 

Beg, AA, Sha, WC, Bronson, RT, and Baltimore, D. Constitutive NF-kappa B activation, enhanced 

granulopoiesis, and neonatal lethality in I kappa B alpha-deficient mice. Genes Dev.(1995) 

9:2736-2746. 

Benndorf, R, Hayess, K, Ryazantsev, S, Wieske, M, Behlke, J, and Lutsch, G. Phosphorylation and 

supramolecular organization of murine small heat shock protein HSP25 abolish its actin 

polymerization-inhibiting activity. J Biol.Chem.(1994) 269:20780-20784. 

Bernard, GR, Vincent, JL, Laterre, PF, LaRosa, SP, Dhainaut, JF, Lopez-Rodriguez, A, Steingrub, 

JS, Garber, GE, Helterbrand, JD, Ely, EW, and Fisher, CJ, Jr. Efficacy and safety of 

recombinant human activated protein C for severe sepsis. N.Engl.J.Med.(2001) 344:699-709. 

Beutler, B. Innate immunity: an overview. Mol.Immunol.(2004) 40:845-859. 

Biel, M, Sautter, A, Ludwig, A, Hofmann, F, and Zong, X. Cyclic nucleotide-gated channels--mediators 

of NO:cGMP-regulated processes. Naunyn Schmiedebergs Arch.Pharmacol.(1998) 358:140-144. 

Bilbao, G, Contreras, JL, Gomez-Navarro, J, Eckhoff, DE, Mikheeva, G, Krasnykh, V, Hynes, T, 

Thomas, FT, Thomas, JM, and Curiel, DT. Genetic modification of liver grafts with an 

adenoviral vector encoding the Bcl-2 gene improves organ preservation. Transplantation(1999) 

67:775-783. 

Bilzer, M and Gerbes, AL. Preservation injury of the liver: mechanisms and novel therapeutic strategies. 

J Hepatol(2000) 32:508-515. 

Bilzer, M, Jaeschke, H, Vollmar, AM, Paumgartner, G, and Gerbes, AL. Prevention of Kupffer cell-

induced oxidant injury in rat liver by atrial natriuretic peptide. Am.J Physiol(1999) 276:G1137-



7 References 

 
 

102

G1144. 

Bilzer, M, Witthaut, R, Paumgartner, G, and Gerbes, AL. Prevention of ischemia/reperfusion injury in 

the rat liver by atrial natriuretic peptide. Gastroenterology(1994) 106:143-151. 

Blackwell, TS and Christman, JW. The role of nuclear factor-kappa B in cytokine gene regulation. 

Am.J.Respir.Cell Mol.Biol.(1997) 17:3-9. 

Bohlinger, I, Leist, M, Gantner, F, Angermüller, S, Tiegs, G, and Wendel, A. DNA fragmentation in 

mouse organs during endotoxic shock. Am.J.Pathol.(1996) 149:1381-1393. 

Bradford, MM. A rapid and sensitive method for the quantitation of microgram quantities of protein 

utilizing the principle of protein-dye binding. Anal.Biochem.(1976) 72:248-254. 

Brazil, DP and Hemmings, BA. Ten years of protein kinase B signalling: a hard Akt to follow. Trends 

Biochem.Sci.(2001) 26:657-664. 

Brown, K, Park, S, Kanno, T, Franzoso, G, and Siebenlist, U. Mutual regulation of the transcriptional 

activator NF-kappa B and its inhibitor, I kappa B-alpha. Proc.Natl.Acad.Sci.U.S.A(1993) 90:2532-

2536. 

Cao, Z, Xiong, J, Takeuchi, M, Kurama, T, and Goeddel, DV. TRAF6 is a signal transducer for 

interleukin-1. Nature(1996) 383:443-446. 

Carey, DJ, Rafferty, CM, and Schramm, MM. Association of heparan sulfate proteoglycan and laminin 

with the cytoskeleton in rat liver. J Biol.Chem.(1987) 262:3376-3381. 

Carini, R and Albano, E. Recent insights on the mechanisms of liver preconditioning. 

Gastroenterology(2003a) 125:1480-1491. 



7 References 

 
 

103

Carini, R, De Cesaris, MG, Splendore, R, Domenicotti, C, Nitti, MP, Pronzato, MA, and Albano, E. 

Mechanisms of hepatocyte protection against hypoxic injury by atrial natriuretic peptide. 

Hepatology(2003b) 37:277-285. 

Carini, R, Grazia, DC, Splendore, R, Baldanzi, G, Nitti, MP, Alchera, E, Filigheddu, N, Domenicotti, 

C, Pronzato, MA, Graziani, A, and Albano, E. Role of phosphatidylinositol 3-kinase in the 

development of hepatocyte preconditioning. Gastroenterology(2004) 127:914-923. 

Chao, DT and Korsmeyer, SJ. BCL-2 family: regulators of cell death. Annu.Rev.Immunol.(1998) 16:395-

419. 

 

Chen, LF and Greene, WC. Shaping the nuclear action of NF-kappaB. Nat.Rev.Mol.Cell Biol.(2004) 

5:392-401. 

Chen, L, Fischle, W, Verdin, E, and Greene, WC. Duration of nuclear NF-kappaB action regulated by 

reversible acetylation. Science(2001) 293:1653-1657. 

Chen, XL, Xia, ZF, Yu, YX, Wei, D, Wang, CR, and Ben, DF. p38 mitogen-activated protein kinase 

inhibition attenuates burn-induced liver injury in rats. Burns(2005) 31:320-330. 

Clavien, PA, Harvey, PR, and Strasberg, SM. Preservation and reperfusion injuries in liver allografts. 

An overview and synthesis of current studies. Transplantation(1992) 53:957-978. 

Clavien, PA, Rudiger, HA, and Selzner, M. Mechanism of hepatocyte death after ischemia: apoptosis 

versus necrosis. Hepatology(2001) 33:1555-1557. 

Cohen, J. The immunopathogenesis of sepsis. Nature(2002) 420:885-891. 

Cohen, MV, Baines, CP, and Downey, JM. Ischemic preconditioning: from adenosine receptor of KATP 



7 References 

 
 

104

channel. Annu.Rev.Physiol(2000) 62:79-109. 

Collighan, N, Giannoudis, PV, Kourgeraki, O, Perry, SL, Guillou, PJ, and Bellamy, MC. Interleukin 

13 and inflammatory markers in human sepsis. Br.J.Surg.(2004) 91:762-768. 

Contreras, JL, Vilatoba, M, Eckstein, C, Bilbao, G, Anthony, TJ, and Eckhoff, DE. Caspase-8 and 

caspase-3 small interfering RNA decreases ischemia/reperfusion injury to the liver in mice. 

Surgery(2004) 136:390-400. 

Cornwell, TL, Arnold, E, Boerth, NJ, and Lincoln, TM. Inhibition of smooth muscle cell growth by nitric 

oxide and activation of cAMP-dependent protein kinase by cGMP. Am.J.Physiol(1994) 

267:C1405-C1413. 

Cottart, CH, Nivet-Antoine, V, Do, L, Al Massarani, G, Descamps, G, Xavier-Galen, F, and Clot, JP. 

Hepatic cytoprotection by nitric oxide and the cGMP pathway after ischaemia-reperfusion in the 

rat. Nitric.Oxide.(2003) 9:57-63. 

Cullen, KA, McCool, J, Anwer, MS, and Webster, CR. Activation of cAMP-guanine exchange factor 

confers PKA-independent protection from hepatocyte apoptosis. Am.J.Physiol Gastrointest.Liver 

Physiol(2004) 287:G334-G343. 

Currie, MG, Geller, DM, Cole, BR, Siegel, NR, Fok, KF, Adams, SP, Eubanks, SR, Galluppi, GR, and 

Needleman, P. Purification and sequence analysis of bioactive atrial peptides (atriopeptins). 

Science(1984) 223:67-69. 

Cursio, R, Gugenheim, J, Ricci, JE, Crenesse, D, Rostagno, P, Maulon, L, Saint-Paul, MC, Ferrua, 

B, and Auberger, AP. A caspase inhibitor fully protects rats against lethal normothermic liver 

ischemia by inhibition of liver apoptosis. FASEB J.(1999) 13:253-261. 

 

Dalle-Donne, I, Rossi, R, Milzani, A, Di Simplicio, P, and Colombo, R. The actin cytoskeleton 



7 References 

 
 

105

response to oxidants: from small heat shock protein phosphorylation to changes in the redox 

state of actin itself. Free Radic.Biol.Med.(2001) 31:1624-1632. 

Damas, P, Reuter, A, Gysen, P, Demonty, J, Lamy, M, and Franchimont, P. Tumor necrosis factor 

and interleukin-1 serum levels during severe sepsis in humans. Crit Care Med.(1989) 17:975-

978. 

Datta, SR, Brunet, A, and Greenberg, ME. Cellular survival: a play in three Akts. Genes Dev.(1999) 

13:2905-2927. 

 

Datta, SR, Dudek, H, Tao, X, Masters, S, Fu, H, Gotoh, Y, and Greenberg, ME. Akt phosphorylation of 

BAD couples survival signals to the cell-intrinsic death machinery. Cell(1997) 91:231-241. 

de Bold, AJ, Borenstein, HB, Veress, AT, and Sonnenberg, H. A rapid and potent natriuretic response 

to intravenous injection of atrial myocardial extract in rats. Life Sci.(1981) 28:89-94. 

del Peso, L, Gonzalez-Garcia, M, Page, C, Herrera, R, and Nunez, G. Interleukin-3-induced 

phosphorylation of BAD through the protein kinase Akt. Science(1997) 278:687-689. 

Denk, H, Lackinger, E, and Vennigerholz, F. Pathology of the cytoskeleton of hepatocytes. Prog.Liver 

Dis.(1986) 8:237-251. 

DiDonato, J, Mercurio, F, Rosette, C, Wu-Li, J, Suyang, H, Ghosh, S, and Karin, M. Mapping of the 

inducible IkappaB phosphorylation sites that signal its ubiquitination and degradation. Mol.Cell 

Biol.(1996) 16:1295-1304. 

DiDonato, JA, Hayakawa, M, Rothwarf, DM, Zandi, E, and Karin, M. A cytokine-responsive IkappaB 

kinase that activates the transcription factor NF-kappaB. Nature(1997) 388:548-554. 



7 References 

 
 

106

Dinarello, CA. Proinflammatory and anti-inflammatory cytokines as mediators in the pathogenesis of 

septic shock. Chest(1997) 112:321S-329S. 

Downward, J. PI 3-kinase, Akt and cell survival. Semin.Cell Dev.Biol.(2004) 15:177-182. 

Duvall, E, Wyllie, AH, and Morris, RG. Macrophage recognition of cells undergoing programmed cell 

death (apoptosis). Immunology(1985) 56:351-358. 

Ellis, S, Killender, M, and Anderson, RL. Heat-induced alterations in the localization of HSP72 and 

HSP73 as measured by indirect immunohistochemistry and immunogold electron microscopy. J 

Histochem.Cytochem.(2000) 48:321-332. 

Faouzi, S, Burckhardt, BE, Hanson, JC, Campe, CB, Schrum, LW, Rippe, RA, and Maher, JJ. Anti-

Fas induces hepatic chemokines and promotes inflammation by an NF-kappa B-independent, 

caspase-3-dependent pathway. J.Biol.Chem.(2001) 276:49077-49082. 

 

Fellstrom, B, Akuyrek, LM, Backman, U, Larsson, E, Melin, J, and Zezina, L. Postischemic 

reperfusion injury and allograft arteriosclerosis. Transplant.Proc.(1998) 30:4278-4280. 

Fernando, RI and Wimalasena, J. Estradiol abrogates apoptosis in breast cancer cells through 

inactivation of BAD: Ras-dependent nongenomic pathways requiring signaling through ERK and 

Akt. Mol.Biol.Cell(2004) 15:3266-3284. 

Fisher, MM and Phillips, MJ. Cytoskeleton of the hepatocyte. Prog.Liver Dis.(1979) 6:105-121. 

Fox, JE, Reynolds, CC, and Boyles, JK. Studying the platelet cytoskeleton in Triton X-100 lysates. 

Methods Enzymol.(1992) 215:42-58. 

Freshney, NW, Rawlinson, L, Guesdon, F, Jones, E, Cowley, S, Hsuan, J, and Saklatvala, J. 



7 References 

 
 

107

Interleukin-1 activates a novel protein kinase cascade that results in the phosphorylation of 

Hsp27. Cell(1994) 78:1039-1049. 

Fry, BG, Wickramaratana, JC, Lemme, S, Beuve, A, Garbers, D, Hodgson, WC, and Alewood, P. 

Novel natriuretic peptides from the venom of the inland taipan (Oxyuranus microlepidotus): 

isolation, chemical and biological characterisation. Biochem.Biophys.Res.Commun.(2005) 

327:1011-1015. 

Fürst, R, Brueckl, C, Kuebler, WM, Zahler, S, Krotz, F, Gorlach, A, Vollmar, AM, and Kiemer, AK. 

Atrial natriuretic peptide induces mitogen-activated protein kinase phosphatase-1 in human 

endothelial cells via Rac1 and NAD(P)H oxidase/Nox2-activation. Circ.Res.(2005) 96:43-53. 

Gao, W, Bentley, RC, Madden, JF, and Clavien, PA. Apoptosis of sinusoidal endothelial cells is a 

critical mechanism of preservation injury in rat liver transplantation. Hepatology(1998) 27:1652-

1660. 

Gavrieli, Y, Sherman, Y, and Ben Sasson, SA. Identification of programmed cell death in situ via 

specific labeling of nuclear DNA fragmentation. J.Cell Biol.(1992) 119:493-501. 

 

Georgopoulos, C and Welch, WJ. Role of the major heat shock proteins as molecular chaperones. 

Annu.Rev.Cell Biol.(1993) 9:601-634. 

Gerbes, AL, Vollmar, AM, Kiemer, AK, and Bilzer, M. The guanylate cyclase-coupled natriuretic 

peptide receptor: a new target for prevention of cold ischemia-reperfusion damage of the rat liver. 

Hepatology(1998) 28:1309-1317. 

Gerwig, T, Meissner, H, Bilzer, M, Kiemer, AK, Arnholdt, H, Vollmar, AM, and Gerbes, AL. Atrial 

natriuretic peptide preconditioning protects against hepatic preservation injury by attenuating 

necrotic and apoptotic cell death. J.Hepatol.(2003) 39:341-348. 



7 References 

 
 

108

Ghosh, S and Baltimore, D. Activation in vitro of NF-kappa B by phosphorylation of its inhibitor I kappa 

B. Nature(1990) 344:678-682. 

Gjertsson, I, Hultgren, OH, Collins, LV, Pettersson, S, and Tarkowski, A. Impact of transcription 

factors AP-1 and NF-kappaB on the outcome of experimental Staphylococcus aureus arthritis 

and sepsis. Microbes.Infect.(2001) 3:527-534. 

Glanemann, M, Strenziok, R, Kuntze, R, Munchow, S, Dikopoulos, N, Lippek, F, Langrehr, JM, 

Dietel, M, Neuhaus, P, and Nussler, AK. Ischemic preconditioning and methylprednisolone both 

equally reduce hepatic ischemia/reperfusion injury. Surgery(2004) 135:203-214. 

Gomes, MD, Cancherini, DV, Moreira, MA, and Reboucas, NA. Ischemic preconditioning of renal 

tissue: identification of early up-regulated genes. Nephron Exp.Nephrol.(2003) 93:e107-e116. 

Gorgen, I, Hartung, T, Leist, M, Niehorster, M, Tiegs, G, Uhlig, S, Weitzel, F, and Wendel, A. 

Granulocyte colony-stimulating factor treatment protects rodents against lipopolysaccharide-

induced toxicity via suppression of systemic tumor necrosis factor-alpha. J.Immunol.(1992) 

149:918-924. 

Gu, XP, Jiang, Y, Xu, FT, Qiu, YD, and Ding, YT. Effect of cold-ischemia time on nuclear factor-kappaB 

activation and inflammatory response in graft after orthotopic liver transplantation in rats. World 

J.Gastroenterol.(2004) 10:1000-1004. 

Guay, J, Lambert, H, Gingras-Breton, G, Lavoie, JN, Huot, J, and Landry, J. Regulation of actin 

filament dynamics by p38 map kinase-mediated phosphorylation of heat shock protein 27. J Cell 

Sci.(1997) 110 ( Pt 3):357-368. 

Guha, M and Mackman, N. LPS induction of gene expression in human monocytes. Cell Signal.(2001) 

13:85-94. 



7 References 

 
 

109

Guha, M and Mackman, N. The phosphatidylinositol 3-kinase-Akt pathway limits lipopolysaccharide 

activation of signaling pathways and expression of inflammatory mediators in human monocytic 

cells. J.Biol.Chem.(2002) 277:32124-32132. 

Guijarro, C and Egido, J. Transcription factor-kappa B (NF-kappa B) and renal disease. Kidney 

Int.(2001) 59:415-424. 

Gujral, JS, Bucci, TJ, Farhood, A, and Jaeschke, H. Mechanism of cell death during warm hepatic 

ischemia-reperfusion in rats: apoptosis or necrosis? Hepatology(2001) 33:397-405. 

Harada, H, Becknell, B, Wilm, M, Mann, M, Huang, LJ, Taylor, SS, Scott, JD, and Korsmeyer, SJ. 

Phosphorylation and inactivation of BAD by mitochondria-anchored protein kinase A. 

Mol.Cell(1999) 3:413-422. 

Harada, N, Hatano, E, Koizumi, N, Nitta, T, Yoshida, M, Yamamoto, N, Brenner, DA, and Yamaoka, 

Y. Akt activation protects rat liver from ischemia/reperfusion injury. J.Surg.Res.(2004) 121:159-

170. 

 

Hausenloy, DJ, Tsang, A, Mocanu, MM, and Yellon, DM. Ischemic preconditioning protects by 

activating prosurvival kinases at reperfusion. Am.J.Physiol Heart Circ.Physiol(2005) 288:H971-

H976. 

Hayden, MS and Ghosh, S. Signaling to NF-kappaB. Genes Dev.(2004) 18:2195-2224. 

Henkel, T, Machleidt, T, Alkalay, I, Kronke, M, Ben Neriah, Y, and Baeuerle, PA. Rapid proteolysis of 

I kappa B-alpha is necessary for activation of transcription factor NF-kappa B. Nature(1993) 

365:182-185. 

Hinder, F, Booke, M, Traber, LD, Matsumoto, N, Nishida, K, Rogers, S, and Traber, DL. Nitric oxide 

synthase inhibition during experimental sepsis improves renal excretory function in the presence 



7 References 

 
 

110

of chronically increased atrial natriuretic peptide. Crit Care Med.(1996) 24:131-136. 

Holub, M, Kluckova, Z, Helcl, M, Prihodov, J, Rokyta, R, and Beran, O. Lymphocyte subset numbers 

depend on the bacterial origin of sepsis. Clin.Microbiol.Infect.(2003) 9:202-211. 

Hong, F, Nguyen, VA, Shen, X, Kunos, G, and Gao, B. Rapid activation of protein kinase B/Akt has a 

key role in antiapoptotic signaling during liver regeneration. 

Biochem.Biophys.Res.Commun.(2000) 279:974-979. 

Hotchkiss, RS, Swanson, PE, Freeman, BD, Tinsley, KW, Cobb, JP, Matuschak, GM, Buchman, TG, 

and Karl, IE. Apoptotic cell death in patients with sepsis, shock, and multiple organ dysfunction. 

Crit Care Med.(1999) 27:1230-1251. 

Hotchkiss, RS, Tinsley, KW, Swanson, PE, Schmieg, RE, Jr., Hui, JJ, Chang, KC, Osborne, DF, 

Freeman, BD, Cobb, JP, Buchman, TG, and Karl, IE. Sepsis-induced apoptosis causes 

progressive profound depletion of B and CD4+ T lymphocytes in humans. J.Immunol.(2001) 

166:6952-6963. 

Howard, TK, Klintmalm, GB, Cofer, JB, Husberg, BS, Goldstein, RM, and Gonwa, TA. The influence 

of preservation injury on rejection in the hepatic transplant recipient. Transplantation(1990) 

49:103-107. 

Hu, RM, Levin, ER, Pedram, A, and Frank, HJ. Atrial natriuretic peptide inhibits the production and 

secretion of endothelin from cultured endothelial cells. Mediation through the C receptor. 

J.Biol.Chem.(1992) 267:17384-17389. 

Huot, J, Houle, F, Marceau, F, and Landry, J. Oxidative stress-induced actin reorganization mediated 

by the p38 mitogen-activated protein kinase/heat shock protein 27 pathway in vascular 

endothelial cells. Circ.Res(1997) 80:383-392. 



7 References 

 
 

111

Huot, J, Houle, F, Spitz, DR, and Landry, J. HSP27 phosphorylation-mediated resistance against actin 

fragmentation and cell death induced by oxidative stress. Cancer Res(1996) 56:273-279. 

Huot, J, Lambert, H, Lavoie, JN, Guimond, A, Houle, F, and Landry, J. Characterization of 45-kDa/54-

kDa HSP27 kinase, a stress-sensitive kinase which may activate the phosphorylation-dependent 

protective function of mammalian 27-kDa heat-shock protein HSP27. Eur.J Biochem.(1995) 

227:416-427. 

Irie, T, Muta, T, and Takeshige, K. TAK1 mediates an activation signal from toll-like receptor(s) to 

nuclear factor-kappaB in lipopolysaccharide-stimulated macrophages. FEBS Lett.(2000) 467:160-

164. 

Irwin, DC, Tissot van Patot, MC, Tucker, A, and Bowen, R. Direct ANP inhibition of hypoxia-induced 

inflammatory pathways in pulmonary microvascular and macrovascular endothelial monolayers. 

Am.J.Physiol Lung Cell Mol.Physiol(2005) 288:L849-L859. 

Ito, H, Hasegawa, K, Inaguma, Y, Kozawa, O, and Kato, K. Enhancement of stress-induced synthesis 

of hsp27 and alpha B crystallin by modulators of the arachidonic acid cascade. J.Cell 

Physiol(1996) 166:332-339. 

Jaeschke, H. Preservation injury: mechanisms, prevention and consequences. J Hepatol(1996) 25:774-

780. 

Jaeschke, H. Reperfusion injury after warm ischemia or cold storage of the liver: role of apoptotic cell 

death. Transplant.Proc.(2002) 34:2656-2658. 

Jaeschke, H, Gujral, JS, and Bajt, ML. Apoptosis and necrosis in liver disease. Liver Int.(2004) 24:85-

89. 



7 References 

 
 

112

Jakob, U, Gaestel, M, Engel, K, and Buchner, J. Small heat shock proteins are molecular chaperones. 

J.Biol.Chem.(1993) 268:1517-1520. 

Kaplowitz, N. Mechanisms of liver cell injury. J.Hepatol.(2000) 32:39-47. 

Karin, M and Ben Neriah, Y. Phosphorylation meets ubiquitination: the control of NF-[kappa]B activity. 

Annu.Rev.Immunol.(2000) 18:621-663. 

Kato, K, Ito, H, Kamei, K, and Iwamoto, I. Stimulation of the stress-induced expression of stress 

proteins by curcumin in cultured cells and in rat tissues in vivo. Cell Stress.Chaperones.(1998) 

3:152-160. 

Kawai, T, Adachi, O, Ogawa, T, Takeda, K, and Akira, S. Unresponsiveness of MyD88-deficient mice 

to endotoxin. Immunity.(1999) 11:115-122. 

Kerr, JF, Wyllie, AH, and Currie, AR. Apoptosis: a basic biological phenomenon with wide-ranging 

implications in tissue kinetics. Br.J.Cancer(1972) 26:239-257. 

Kiemer, AK, Baron, A, Gerbes, AL, Bilzer, M, and Vollmar, AM. The atrial natriuretic peptide as a 

regulator of Kupffer cell functions. Shock(2002a) 17:365-371. 

Kiemer, AK, Fürst, R, and Vollmar, AM. Vasoprotective actions of the atrial natriuretic peptide. Curr 

Med Chem Cardiovasc Hematol Agents(2005) 3:11-21. 

 

Kiemer, AK, Gerbes, AL, Bilzer, M, and Vollmar, AM. The atrial natriuretic peptide and cGMP: novel 

activators of the heat shock response in rat livers. Hepatology(2002b) 35:88-94. 

Kiemer, AK, Hartung, T, and Vollmar, AM. cGMP-mediated inhibition of TNF-alpha production by the 

atrial natriuretic peptide in murine macrophages. J.Immunol.(2000a) 165:175-181. 



7 References 

 
 

113

Kiemer, AK, Kulhanek-Heinze, S, Gerwig, T, Gerbes, AL, and Vollmar, AM. Stimulation of p38 MAPK 

by hormonal preconditioning with atrial natriuretic peptide. World J.Gastroenterol.(2002c) 8:707-

711. 

Kiemer, AK, Lehner, MD, Hartung, T, and Vollmar, AM. Inhibition of cyclooxygenase-2 by natriuretic 

peptides. Endocrinology(2002d) 143:846-852. 

Kiemer, AK and Vollmar, AM. Effects of different natriuretic peptides on nitric oxide synthesis in 

macrophages. Endocrinology(1997) 138:4282-4290. 

Kiemer, AK and Vollmar, AM. Autocrine regulation of inducible nitric-oxide synthase in macrophages by 

atrial natriuretic peptide. J Biol.Chem.(1998) 273:13444-13451. 

Kiemer, AK and Vollmar, AM. Elevation of intracellular calcium levels contributes to the inhibition of 

nitric oxide production by atrial natriuretic peptide. Immunol.Cell Biol.(2001) 79:11-17. 

Kiemer, AK, Vollmar, AM, Bilzer, M, Gerwig, T, and Gerbes, AL. Atrial natriuretic peptide reduces 

expression of TNF-alpha mRNA during reperfusion of the rat liver upon decreased activation of 

NF-kappaB and AP-1. J.Hepatol.(2000b) 33:236-246. 

Kiemer, AK, Weber, NC, Furst, R, Bildner, N, Kulhanek-Heinze, S, and Vollmar, AM. Inhibition of p38 

MAPK activation via induction of MKP-1: atrial natriuretic peptide reduces TNF-alpha-induced 

actin polymerization and endothelial permeability. Circ.Res.(2002e) 90:874-881. 

 

Kiemer, AK, Weber, NC, and Vollmar, AM. Induction of IkappaB: atrial natriuretic peptide as a regulator 

of the NF-kappaB pathway. Biochem.Biophys.Res.Commun.(2002f) 295:1068-1076. 

Klement, JF, Rice, NR, Car, BD, Abbondanzo, SJ, Powers, GD, Bhatt, PH, Chen, CH, Rosen, CA, 

and Stewart, CL. IkappaBalpha deficiency results in a sustained NF-kappaB response and 

severe widespread dermatitis in mice. Mol.Cell Biol.(1996) 16:2341-2349. 



7 References 

 
 

114

Kohli, V, Madden, JF, Bentley, RC, and Clavien, PA. Calpain mediates ischemic injury of the liver 

through modulation of apoptosis and necrosis. Gastroenterology(1999a) 116:168-178. 

Kohli, V, Selzner, M, Madden, JF, Bentley, RC, and Clavien, PA. Endothelial cell and hepatocyte 

deaths occur by apoptosis after ischemia-reperfusion injury in the rat liver. 

Transplantation(1999b) 67:1099-1105. 

Komiya, T, Miura, K, Tsukamoto, J, Okamura, M, Tamada, S, Asai, T, Tashiro, K, Kuwabara, N, 

Iwao, H, and Yoshikawa, J. Possible involvement of nuclear factor-kappaB inhibition in the renal 

protective effect of oral adsorbent AST-120 in a rat model of chronic renal failure. 

Int.J.Mol.Med.(2004) 13:133-138. 

Kook, H, Itoh, H, Choi, BS, Sawada, N, Doi, K, Hwang, TJ, Kim, KK, Arai, H, Baik, YH, and Nakao, K. 

Physiological concentration of atrial natriuretic peptide induces endothelial regeneration in vitro. 

Am.J.Physiol Heart Circ.Physiol(2003) 284:H1388-H1397. 

Kourie, JI and Rive, MJ. Role of natriuretic peptides in ion transport mechanisms. Med.Res.Rev.(1999) 

19:75-94. 

Krajewski, S, Tanaka, S, Takayama, S, Schibler, MJ, Fenton, W, and Reed, JC. Investigation of the 

subcellular distribution of the bcl-2 oncoprotein: residence in the nuclear envelope, endoplasmic 

reticulum, and outer mitochondrial membranes. Cancer Res.(1993) 53:4701-4714. 

Kuhn, TB, Meberg, PJ, Brown, MD, Bernstein, BW, Minamide, LS, Jensen, JR, Okada, K, Soda, EA, 

and Bamburg, JR. Regulating actin dynamics in neuronal growth cones by ADF/cofilin and rho 

family GTPases. J.Neurobiol.(2000) 44:126-144. 

Kuhnle, S, Nicotera, P, Wendel, A, and Leist, M. Prevention of endotoxin-induced lethality, but not of 

liver apoptosis in poly(ADP-ribose) polymerase-deficient mice. 

Biochem.Biophys.Res.Commun.(1999) 263:433-438. 



7 References 

 
 

115

Kulhanek-Heinze, S, Gerbes, AL, Gerwig, T, Vollmar, AM, and Kiemer, AK. Protein kinase A 

dependent signalling mediates anti-apoptotic effects of the atrial natriuretic peptide in ischemic 

livers. J.Hepatol.(2004) 41:414-420. 

 

Laemmli, UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. 

Nature(1970) 227:680-685. 

Lambert, H, Charette, SJ, Bernier, AF, Guimond, A, and Landry, J. HSP27 multimerization mediated 

by phosphorylation-sensitive intermolecular interactions at the amino terminus. 

J.Biol.Chem.(1999) 274:9378-9385. 

Landry, J and Huot, J. Modulation of actin dynamics during stress and physiological stimulation by a 

signaling pathway involving p38 MAP kinase and heat- shock protein 27. Biochem.Cell 

Biol.(1995) 73:703-707. 

Lavoie, JN, Lambert, H, Hickey, E, Weber, LA, and Landry, J. Modulation of cellular thermoresistance 

and actin filament stability accompanies phosphorylation-induced changes in the oligomeric 

structure of heat shock protein 27. Mol.Cell Biol.(1995) 15:505-516. 

Leist, M, Single, B, Castoldi, AF, Kuhnle, S, and Nicotera, P. Intracellular adenosine triphosphate 

(ATP) concentration: a switch in the decision between apoptosis and necrosis. J.Exp.Med.(1997) 

185:1481-1486. 

Lemaitre, B, Nicolas, E, Michaut, L, Reichhart, JM, and Hoffmann, JA. The dorsoventral regulatory 

gene cassette spatzle/Toll/cactus controls the potent antifungal response in Drosophila adults. 

Cell(1996) 86:973-983. 

Lemasters, JJ. V. Necrapoptosis and the mitochondrial permeability transition: shared pathways to 

necrosis and apoptosis. Am.J.Physiol(1999) 276:G1-G6. 



7 References 

 
 

116

Levin, ER, Gardner, DG, and Samson, WK. Natriuretic peptides. N.Engl.J.Med.(1998) 339:321-328. 

Lieberthal, W, Sheridan, AM, and Valeri, CR. Protective effect of atrial natriuretic factor and mannitol 

following renal ischemia. Am.J.Physiol(1990) 258:F1266-F1272. 

Lincoln, TM and Cornwell, TL. Intracellular cyclic GMP receptor proteins. FASEB J.(1993) 7:328-338. 

Liu, X, Kim, CN, Yang, J, Jemmerson, R, and Wang, X. Induction of apoptotic program in cell-free 

extracts: requirement for dATP and cytochrome c. Cell(1996) 86:147-157. 

Lohmann, SM, Vaandrager, AB, Smolenski, A, Walter, U, and De Jonge, HR. Distinct and specific 

functions of cGMP-dependent protein kinases. Trends Biochem.Sci.(1997) 22:307-312. 

Lomaga, MA, Yeh, WC, Sarosi, I, Duncan, GS, Furlonger, C, Ho, A, Morony, S, Capparelli, C, Van, 

G, Kaufman, S, van der, HA, Itie, A, Wakeham, A, Khoo, W, Sasaki, T, Cao, Z, Penninger, 

JM, Paige, CJ, Lacey, DL, Dunstan, CR, Boyle, WJ, Goeddel, DV, and Mak, TW. TRAF6 

deficiency results in osteopetrosis and defective interleukin-1, CD40, and LPS signaling. Genes 

Dev.(1999) 13:1015-1024. 

Lopez-Franco, O, Suzuki, Y, Sanjuan, G, Blanco, J, Hernandez-Vargas, P, Yo, Y, Kopp, J, Egido, J, 

and Gomez-Guerrero, C. Nuclear factor-kappa B inhibitors as potential novel anti-inflammatory 

agents for the treatment of immune glomerulonephritis. Am.J.Pathol.(2002) 161:1497-1505. 

Lubbesmeyer, HJ, Woodson, L, Traber, LD, Flynn, JT, Herndon, DN, and Traber, DL. 

Immunoreactive atrial natriuretic factor is increased in ovine model of endotoxemia. 

Am.J.Physiol(1988) 254:R567-R571. 

Lutsch, G, Vetter, R, Offhauss, U, Wieske, M, Grone, HJ, Klemenz, R, Schimke, I, Stahl, J, and 

Benndorf, R. Abundance and location of the small heat shock proteins HSP25 and alphaB-



7 References 

 
 

117

crystallin in rat and human heart. Circulation(1997) 96:3466-3476. 

MacRae, TH. Structure and function of small heat shock/alpha-crystallin proteins: established concepts 

and emerging ideas. Cell Mol.Life Sci.(2000) 57:899-913. 

Marceau, N, Loranger, A, Gilbert, S, Daigle, N, and Champetier, S. Keratin-mediated resistance to 

stress and apoptosis in simple epithelial cells in relation to health and disease. Biochem.Cell 

Biol.(2001) 79:543-555. 

Maroni, P, Bendinelli, P, Zuccorononno, C, Schiaffonati, L, and Piccoletti, R. Cellular signalling after 

in vivo heat shock in the liver. Cell Biol.Int.(2000) 24:145-152. 

Marshall, JC. Such stuff as dreams are made on: mediator-directed therapy in sepsis. Nat.Rev.Drug 

Discov.(2003) 2:391-405. 

Matsubara, H. Pathophysiological role of angiotensin II type 2 receptor in cardiovascular and renal 

diseases. Circ.Res.(1998) 83:1182-1191. 

Matsui, T, Li, L, del, M, Fukui, Y, Franke, TF, Hajjar, RJ, and Rosenzweig, A. Adenoviral gene transfer 

of activated phosphatidylinositol 3'-kinase and Akt inhibits apoptosis of hypoxic cardiomyocytes in 

vitro. Circulation(1999) 100:2373-2379. 

 

Matsumoto, T, Tateda, K, Miyazaki, S, Furuya, N, Ohno, A, Ishii, Y, Hirakata, Y, and Yamaguchi, K. 

Adverse effects of tumour necrosis factor in cyclophosphamide-treated mice subjected to gut-

derived Pseudomonas aeruginosa sepsis. Cytokine(1997) 9:763-769. 

McGough, A. F-actin-binding proteins. Curr.Opin.Struct.Biol.(1998) 8:166-176. 

McGovern, SL and Shoichet, BK. Kinase inhibitors: not just for kinases anymore. J.Med.Chem.(2003) 



7 References 

 
 

118

46:1478-1483. 

Medzhitov, R, Preston-Hurlburt, P, and Janeway, CA, Jr. A human homologue of the Drosophila Toll 

protein signals activation of adaptive immunity. Nature(1997) 388:394-397. 

Medzhitov, R, Preston-Hurlburt, P, Kopp, E, Stadlen, A, Chen, C, Ghosh, S, and Janeway, CA, Jr. 

MyD88 is an adaptor protein in the hToll/IL-1 receptor family signaling pathways. Mol.Cell(1998) 

2:253-258. 

Melo, LG, Steinhelper, ME, Pang, SC, Tse, Y, and Ackermann, U. ANP in regulation of arterial 

pressure and fluid-electrolyte balance: lessons from genetic mouse models. Physiol 

Genomics(2000) 3:45-58. 

Miao, W, Luo, Z, Kitsis, RN, and Walsh, K. Intracoronary, adenovirus-mediated Akt gene transfer in 

heart limits infarct size following ischemia-reperfusion injury in vivo. J.Mol.Cell Cardiol.(2000) 

32:2397-2402. 

 

Miron, T, Vancompernolle, K, Vandekerckhove, J, Wilchek, M, and Geiger, B. A 25-kD inhibitor of 

actin polymerization is a low molecular mass heat shock protein. J Cell Biol.(1991) 114:255-261. 

Miron, T, Wilchek, M, and Geiger, B. Characterization of an inhibitor of actin polymerization in vinculin- 

rich fraction of turkey gizzard smooth muscle. Eur.J Biochem.(1988) 178:543-553. 

Misono, KS. Natriuretic peptide receptor: structure and signaling. Mol.Cell Biochem.(2002) 230:49-60. 

Mitaka, C, Hirata, Y, Makita, K, Nagura, T, Tsunoda, Y, and Amaha, K. Endothelin-1 and atrial 

natriuretic peptide in septic shock. Am.Heart J.(1993) 126:466-468. 

Mocanu, MM, Bell, RM, and Yellon, DM. PI3 kinase and not p42/p44 appears to be implicated in the 



7 References 

 
 

119

protection conferred by ischemic preconditioning. J.Mol.Cell Cardiol.(2002) 34:661-668. 

Morgenthaler, NG, Struck, J, Christ-Crain, M, Bergmann, A, and Müller, B. Pro-atrial natriuretic 

peptide is a prognostic marker in sepsis, similar to the APACHE II score: an observational study. 

Crit Care(2005) 9:R37-R45. 

Morimoto, RI. Regulation of the heat shock transcriptional response: cross talk between a family of heat 

shock factors, molecular chaperones, and negative regulators. Genes Dev.(1998) 12:3788-3796. 

Mueller, TH, Kienle, K, Beham, A, Geissler, EK, Jauch, KW, and Rentsch, M. Caspase 3 inhibition 

improves survival and reduces early graft injury after ischemia and reperfusion in rat liver 

transplantation. Transplantation(2004) 78:1267-1273. 

Müller, C, Dunschede, F, Koch, E, Vollmar, AM, and Kiemer, AK. Alpha-lipoic acid preconditioning 

reduces ischemia-reperfusion injury of the rat liver via the PI3-kinase/Akt pathway. Am.J.Physiol 

Gastrointest.Liver Physiol(2003) 285:G769-G778. 

Munoz, C, Misset, B, Fitting, C, Bleriot, JP, Carlet, J, and Cavaillon, JM. Dissociation between 

plasma and monocyte-associated cytokines during sepsis. Eur.J.Immunol.(1991) 21:2177-2184. 

Murakami, H, Yayama, K, Chao, J, and Chao, L. Atrial natriuretic peptide gene delivery attenuates 

gentamycin-induced nephrotoxicity in rats. Nephrol.Dial.Transplant.(1999) 14:1376-1384. 

Murashov, AK, Ul, H, I, Hill, C, Park, E, Smith, M, Wang, X, Wang, X, Goldberg, DJ, and Wolgemuth, 

DJ. Crosstalk between p38, Hsp25 and Akt in spinal motor neurons after sciatic nerve injury. 

Brain Res.Mol.Brain Res.(2001) 93:199-208. 

Nakamoto, Y and Kaneko, S. Mechanisms of viral hepatitis induced liver injury. Curr.Mol.Med.(2003) 

3:537-544. 



7 References 

 
 

120

Nakano, A, Baines, CP, Kim, SO, Pelech, SL, Downey, JM, Cohen, MV, and Critz, SD. Ischemic 

preconditioning activates MAPKAPK2 in the isolated rabbit heart: evidence for involvement of p38 

MAPK. Circ.Res(2000) 86:144-151. 

Natori, S, Higuchi, H, Contreras, P, and Gores, GJ. The caspase inhibitor IDN-6556 prevents caspase 

activation and apoptosis in sinusoidal endothelial cells during liver preservation injury. Liver 

Transpl.(2003) 9:278-284. 

Nicholson, DW and Thornberry, NA. Caspases: killer proteases. Trends Biochem.Sci.(1997) 22:299-

306. 

Nicotera, P, Leist, M, Single, B, and Volbracht, C. Execution of apoptosis: converging or diverging 

pathways? Biol.Chem.(1999) 380:1035-1040. 

Ninomiya-Tsuji, J, Kishimoto, K, Hiyama, A, Inoue, J, Cao, Z, and Matsumoto, K. The kinase TAK1 

can activate the NIK-I kappaB as well as the MAP kinase cascade in the IL-1 signalling pathway. 

Nature(1999) 398:252-256. 

Nishimura, Y, Romer, LH, and Lemasters, JJ. Mitochondrial dysfunction and cytoskeletal disruption 

during chemical hypoxia to cultured rat hepatic sinusoidal endothelial cells: the pH paradox and 

cytoprotection by glucose, acidotic pH, and glycine. Hepatology(1998) 27:1039-1049. 

Ohgitani, E, Kobayashi, K, Takeshita, K, and Imanishi, J. Biphasic translocation of a 70 kDa heat 

shock protein in human cytomegalovirus-infected cells. J Gen.Virol.(1999) 80 ( Pt 1):63-68. 

Okajima, K. Regulation of inflammatory responses by natural anticoagulants. Immunol.Rev.(2001) 

184:258-274. 

Onai, Y, Suzuki, J, Kakuta, T, Maejima, Y, Haraguchi, G, Fukasawa, H, Muto, S, Itai, A, and Isobe, 



7 References 

 
 

121

M. Inhibition of IkappaB phosphorylation in cardiomyocytes attenuates myocardial 

ischemia/reperfusion injury. Cardiovasc.Res.(2004) 63:51-59. 

Osaki, M, Oshimura, M, and Ito, H. PI3K-Akt pathway: its functions and alterations in human cancer. 

Apoptosis.(2004) 9:667-676. 

 

Palaparti, A, Li, Y, and Anand-Srivastava, MB. Inhibition of atrial natriuretic peptide (ANP) C receptor 

expression by antisense oligodeoxynucleotides in A10 vascular smooth-muscle cells is 

associated with attenuation of ANP-C-receptor-mediated inhibition of adenylyl cyclase. 

Biochem.J.(2000) 346 Pt 2:313-320. 

Panacek, EA, Marshall, JC, Albertson, TE, Johnson, DH, Johnson, S, MacArthur, RD, Miller, M, 

Barchuk, WT, Fischkoff, S, Kaul, M, Teoh, L, Van Meter, L, Daum, L, Lemeshow, S, Hicklin, 

G, and Doig, C. Efficacy and safety of the monoclonal anti-tumor necrosis factor antibody F(ab')2 

fragment afelimomab in patients with severe sepsis and elevated interleukin-6 levels. Crit Care 

Med.(2004) 32:2173-2182. 

Panasenko, OO, Kim, MV, Marston, SB, and Gusev, NB. Interaction of the small heat shock protein 

with molecular mass 25 kDa (hsp25) with actin. Eur.J.Biochem.(2003) 270:892-901. 

Pandey, KN, Oliver, PM, Maeda, N, and Smithies, O. Hypertension associated with decreased 

testosterone levels in natriuretic peptide receptor-A gene-knockout and gene-duplicated mutant 

mouse models. Endocrinology(1999) 140:5112-5119. 

Paxian, M, Bauer, I, Rensing, H, Jaeschke, H, Mautes, AE, Kolb, SA, Wolf, B, Stockhausen, A, 

Jeblick, S, and Bauer, M. Recovery of hepatocellular ATP and "pericentral apoptosis" after 

hemorrhage and resuscitation. FASEB J.(2003) 17:993-1002. 

 

Persad, S, Attwell, S, Gray, V, Mawji, N, Deng, JT, Leung, D, Yan, J, Sanghera, J, Walsh, MP, and 

Dedhar, S. Regulation of protein kinase B/Akt-serine 473 phosphorylation by integrin-linked 



7 References 

 
 

122

kinase: critical roles for kinase activity and amino acids arginine 211 and serine 343. 

J.Biol.Chem.(2001) 276:27462-27469. 

Pfeifer, A, Ruth, P, Dostmann, W, Sausbier, M, Klatt, P, and Hofmann, F. Structure and function of 

cGMP-dependent protein kinases. Rev.Physiol Biochem.Pharmacol.(1999) 135:105-149. 

Pierce, RH, Campbell, JS, Stephenson, AB, Franklin, CC, Chaisson, M, Poot, M, Kavanagh, TJ, 

Rabinovitch, PS, and Fausto, N. Disruption of redox homeostasis in tumor necrosis factor-

induced apoptosis in a murine hepatocyte cell line. Am.J.Pathol.(2000) 157:221-236. 

 

Pocock, J, Gomez-Guerrero, C, Harendza, S, Ayoub, M, Hernandez-Vargas, P, Zahner, G, Stahl, 

RA, and Thaiss, F. Differential activation of NF-kappa B, AP-1, and C/EBP in endotoxin-tolerant 

rats: mechanisms for in vivo regulation of glomerular RANTES/CCL5 expression. 

J.Immunol.(2003) 170:6280-6291. 

Polte, T, Hemmerle, A, Berndt, G, Grosser, N, Abate, A, and Schroder, H. Atrial natriuretic peptide 

reduces cyclosporin toxicity in renal cells: role of cGMP and heme oxygenase-1. Free 

Radic.Biol.Med.(2002) 32:56-63. 

Poltorak, A, He, X, Smirnova, I, Liu, MY, Van Huffel, C, Du, X, Birdwell, D, Alejos, E, Silva, M, 

Galanos, C, Freudenberg, M, Ricciardi-Castagnoli, P, Layton, B, and Beutler, B. Defective 

LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Science(1998) 

282:2085-2088. 

Qian, T, Nieminen, AL, Herman, B, and Lemasters, JJ. Mitochondrial permeability transition in pH-

dependent reperfusion injury to rat hepatocytes. Am.J.Physiol(1997) 273:C1783-C1792. 

Qu, XW, Rozenfeld, RA, Huang, W, Crawford, SE, Gonzalez-Crussi, F, and Hsueh, W. Interaction of 

platelet-activating factor, spleen and atrial natriuretic peptide in plasma volume regulation during 

endotoxaemia in rats. J.Physiol(1998) 512 ( Pt 1):227-234. 



7 References 

 
 

123

Raffray, M and Cohen, GM. Apoptosis and necrosis in toxicology: a continuum or distinct modes of cell 

death? Pharmacol.Ther.(1997) 75:153-177. 

Raine, AE, Anderson, JV, Bloom, SR, and Morris, PJ. Plasma atrial natriuretic factor and graft function 

in renal transplant recipients. Transplantation(1989) 48:796-800. 

Redaelli, CA, Tian, YH, Schaffner, T, Ledermann, M, Baer, HU, and Dufour, JF. Extended 

preservation of rat liver graft by induction of heme oxygenase-1. Hepatology(2002) 35:1082-

1092. 

Reinhart, K and Karzai, W. Anti-tumor necrosis factor therapy in sepsis: update on clinical trials and 

lessons learned. Crit Care Med.(2001) 29:S121-S125. 

Richards, AM, Lainchbury, JG, Nicholls, MG, Cameron, AV, and Yandle, TG. Dendroaspis natriuretic 

peptide: endogenous or dubious? Lancet(2002) 359:5-6. 

Riordan, M, Garg, V, Thulin, G, Kashgarian, M, and Siegel, NJ. Differential inhibition of HSP72 and 

HSP25 produces profound impairment of cellular integrity. J.Am.Soc.Nephrol.(2004) 15:1557-

1566. 

Ritossa, F. Discovery of the heat shock response. Cell Stress.Chaperones.(1996) 1:97-98. 

Rosser, BG and Gores, GJ. Liver cell necrosis: cellular mechanisms and clinical implications. 

Gastroenterology(1995) 108:252-275. 

Rothwarf, DM, Zandi, E, Natoli, G, and Karin, M. IKK-gamma is an essential regulatory subunit of the 

IkappaB kinase complex. Nature(1998) 395:297-300. 

Rudiger, HA, Graf, R, and Clavien, PA. Liver ischemia: apoptosis as a central mechanism of injury. 



7 References 

 
 

124

J.Invest Surg.(2003) 16:149-159. 

Rungger-Brandle, E and Gabbiani, G. The role of cytoskeletal and cytocontractile elements in 

pathologic processes. Am.J.Pathol.(1983) 110:361-392. 

Sakamoto, K, Urushidani, T, and Nagao, T. Translocation of HSP27 to cytoskeleton by repetitive 

hypoxia- reoxygenation in the rat myoblast cell line, H9c2. Biochem.Biophys.Res Commun.(1998) 

251:576-579. 

Sakamoto, K, Urushidani, T, and Nagao, T. Translocation of HSP27 to sarcomere induced by ischemic 

preconditioning in isolated rat hearts. Biochem.Biophys.Res.Commun.(2000) 269:137-142. 

Sakurai, H, Shigemori, N, Hisada, Y, Ishizuka, T, Kawashima, K, and Sugita, T. Suppression of NF-

kappa B and AP-1 activation by glucocorticoids in experimental glomerulonephritis in rats: 

molecular mechanisms of anti-nephritic action. Biochim.Biophys.Acta(1997) 1362:252-262. 

Sanada, S, Kitakaze, M, Papst, PJ, Hatanaka, K, Asanuma, H, Aki, T, Shinozaki, Y, Ogita, H, Node, 

K, Takashima, S, Asakura, M, Yamada, J, Fukushima, T, Ogai, A, Kuzuya, T, Mori, H, 

Terada, N, Yoshida, K, and Hori, M. Role of phasic dynamism of p38 mitogen-activated protein 

kinase activation in ischemic preconditioning of the canine heart. Circ.Res(2001) 88:175-180. 

Sangawa, K, Nakanishi, K, Ishino, K, Inoue, M, Kawada, M, and Sano, S. Atrial natriuretic peptide 

protects against ischemia-reperfusion injury in the isolated rat heart. Ann.Thorac.Surg.(2004) 

77:233-237. 

Santoro, MG. Heat shock factors and the control of the stress response. Biochem.Pharmacol(2000) 

59:55-63. 

Schäfer, C, Ross, SE, Bragado, MJ, Groblewski, GE, Ernst, SA, and Williams, JA. A role for the p38 



7 References 

 
 

125

mitogen-activated protein kinase/Hsp 27 pathway in cholecystokinin-induced changes in the actin 

cytoskeleton in rat pancreatic acini. J Biol.Chem.(1998) 273:24173-24180. 

Schäfer, C and Williams, JA. Stress kinases and heat shock proteins in the pancreas: possible roles in 

normal function and disease. J Gastroenterol.(2000) 35:1-9. 

Schauer, RJ, Gerbes, AL, Vonier, D, op, dW, Fraunberger, P, and Bilzer, M. Induction of cellular 

resistance against Kupffer cell-derived oxidant stress: a novel concept of hepatoprotection by 

ischemic preconditioning. Hepatology(2003) 37:286-295. 

Schauer, RJ, Kalmuk, S, Gerbes, AL, Leiderer, R, Meissner, H, Schildberg, FW, Messmer, K, and 

Bilzer, M. Intravenous administration of glutathione protects parenchymal and non-parenchymal 

liver cells against reperfusion injury following rat liver transplantation. World 

J.Gastroenterol.(2004) 10:864-870. 

 

Scheid, MP and Woodgett, JR. PKB/AKT: functional insights from genetic models. Nat.Rev.Mol.Cell 

Biol.(2001) 2:760-768. 

Schromm, AB, Brandenburg, K, Rietschel, ET, Flad, HD, Carroll, SF, and Seydel, U. 

Lipopolysaccharide-binding protein mediates CD14-independent intercalation of 

lipopolysaccharide into phospholipid membranes. FEBS Lett.(1996) 399:267-271. 

Selzner, M, Rudiger, HA, Selzner, N, Thomas, DW, Sindram, D, and Clavien, PA. Transgenic mice 

overexpressing human Bcl-2 are resistant to hepatic ischemia and reperfusion. J.Hepatol.(2002) 

36:218-225. 

Selzner, N, Rudiger, H, Graf, R, and Clavien, PA. Protective strategies against ischemic injury of the 

liver. Gastroenterology(2003) 125:917-936. 

Shimazu, R, Akashi, S, Ogata, H, Nagai, Y, Fukudome, K, Miyake, K, and Kimoto, M. MD-2, a 



7 References 

 
 

126

molecule that confers lipopolysaccharide responsiveness on Toll-like receptor 4. 

J.Exp.Med.(1999) 189:1777-1782. 

Sindram, D, Kohli, V, Madden, JF, and Clavien, PA. Calpain inhibition prevents sinusoidal endothelial 

cell apoptosis in the cold ischemic rat liver. Transplantation(1999) 68:136-140. 

Smith, PK, Krohn, RI, Hermanson, GT, Mallia, AK, Gartner, FH, Provenzano, MD, Fujimoto, EK, 

Goeke, NM, Olson, BJ, and Klenk, DC. Measurement of protein using bicinchoninic acid. 

Anal.Biochem.(1985) 150:76-85. 

Song, JY, Van Marle, J, Van Noorden, CJ, and Frederiks, WF. Redistribution of Ca2+, Mg2+-ATPase 

activity in relation to alterations of the cytoskeleton and tight junctions in hepatocytes of 

cholestatic rat liver. Eur.J.Cell Biol.(1996a) 71:277-285. 

Song, JY, Van Marle, J, Van Noorden, CJ, and Frederiks, WM. Disturbed structural interactions 

between microfilaments and tight junctions in rat hepatocytes during extrahepatic cholestasis 

induced by common bile duct ligation. Histochem.Cell Biol.(1996b) 106:573-580. 

Sun, SC, Ganchi, PA, Ballard, DW, and Greene, WC. NF-kappa B controls expression of inhibitor I 

kappa B alpha: evidence for an inducible autoregulatory pathway. Science(1993) 259:1912-1915. 

Suttner, SW and Boldt, J. Natriuretic peptide system: physiology and clinical utility. Curr.Opin.Crit 

Care(2004) 10:336-341. 

Tamada, S, Nakatani, T, Asai, T, Tashiro, K, Komiya, T, Sumi, T, Okamura, M, Kim, S, Iwao, H, 

Kishimoto, T, Yamanaka, S, and Miura, K. Inhibition of nuclear factor-kappaB activation by 

pyrrolidine dithiocarbamate prevents chronic FK506 nephropathy. Kidney Int.(2003) 63:306-314. 

Tashiro, K, Tamada, S, Kuwabara, N, Komiya, T, Takekida, K, Asai, T, Iwao, H, Sugimura, K, 



7 References 

 
 

127

Matsumura, Y, Takaoka, M, Nakatani, T, and Miura, K. Attenuation of renal fibrosis by 

proteasome inhibition in rat obstructive nephropathy: possible role of nuclear factor kappaB. 

Int.J.Mol.Med.(2003) 12:587-592. 

Teoh, N, Dela, PA, and Farrell, G. Hepatic ischemic preconditioning in mice is associated with activation 

of NF-kappaB, p38 kinase, and cell cycle entry. Hepatology(2002) 36:94-102. 

Teoh, NC and Farrell, GC. Hepatic ischemia reperfusion injury: Pathogenic mechanisms and basis for 

hepatoprotection. J.Gastroenterol.Hepatol.(2003) 18:891-902. 

Terajima, H, Enders, G, Thiaener, A, Hammer, C, Kondo, T, Thiery, J, Yamamoto, Y, Yamaoka, Y, 

and Messmer, K. Impact of hyperthermic preconditioning on postischemic hepatic 

microcirculatory disturbances in an isolated perfusion model of the rat liver. Hepatology(2000) 

31:407-415. 

Tiegs, G, Barsig, J, Matiba, B, Uhlig, S, and Wendel, A. Potentiation by granulocyte macrophage 

colony-stimulating factor of lipopolysaccharide toxicity in mice. J.Clin.Invest(1994) 93:2616-2622. 

Toker, A and Newton, AC. Akt/protein kinase B is regulated by autophosphorylation at the hypothetical 

PDK-2 site. J.Biol.Chem.(2000) 275:8271-8274. 

Tong, H, Chen, W, Steenbergen, C, and Murphy, E. Ischemic preconditioning activates 

phosphatidylinositol-3-kinase upstream of protein kinase C. Circ.Res.(2000) 87:309-315. 

Tozawa, Y and Matsushima, K. Peripheral 5-HT(2A)-receptor-mediated formation of an inhibitor of atrial 

natriuretic peptide binding involves inflammation. Eur.J.Pharmacol.(2002) 440:37-44. 

Tremblay, J, Desjardins, R, Hum, D, Gutkowska, J, and Hamet, P. Biochemistry and physiology of the 

natriuretic peptide receptor guanylyl cyclases. Mol.Cell Biochem.(2002) 230:31-47. 



7 References 

 
 

128

Tsukagoshi, H, Shimizu, Y, Kawata, T, Hisada, T, Shimizu, Y, Iwamae, S, Ishizuka, T, Iizuka, K, 

Dobashi, K, and Mori, M. Atrial natriuretic peptide inhibits tumor necrosis factor-alpha production 

by interferon-gamma-activated macrophages via suppression of p38 mitogen-activated protein 

kinase and nuclear factor-kappa B activation. Regul.Pept.(2001) 99:21-29. 

Uhlenius, N, Miettinen, A, Vuolteenaho, O, and Tikkanen, I. Renoprotective mechanisms of 

angiotensin II antagonism in experimental chronic renal failure. Kidney Blood Press Res.(2002) 

25:71-79. 

Vellaichamy, E, Sommana, NK, and Pandey, KN. Reduced cGMP signaling activates NF-kappaB in 

hypertrophied hearts of mice lacking natriuretic peptide receptor-A. 

Biochem.Biophys.Res.Commun.(2005) 327:106-111. 

Vesely, DL. Atrial natriuretic peptides in pathophysiological diseases. Cardiovasc.Res.(2001) 51:647-

658. 

Vesely, DL. Natriuretic peptides and acute renal failure. Am.J.Physiol Renal Physiol(2003) 285:F167-

F177. 

Viatour, P, Merville, MP, Bours, V, and Chariot, A. Phosphorylation of NF-kappaB and IkappaB 

proteins: implications in cancer and inflammation. Trends Biochem.Sci.(2005) 30:43-52. 

Vilatoba, M, Eckstein, C, Bilbao, G, Frennete, L, Eckhoff, DE, and Contreras, JL. 17beta-estradiol 

differentially activates mitogen-activated protein-kinases and improves survival following 

reperfusion injury of reduced-size liver in mice. Transplant.Proc.(2005) 37:399-403. 

Vollmar, AM and Kiemer, AK. Immunomodulatory and cytoprotective function of atrial natriuretic 

peptide. Crit Rev.Immunol.(2001) 21:473-485. 

 

Walker, NI, Harmon, BV, Gobe, GC, and Kerr, JF. Patterns of cell death. Methods 



7 References 

 
 

129

Achiev.Exp.Pathol.(1988) 13:18-54. 

Wang, HG, Pathan, N, Ethell, IM, Krajewski, S, Yamaguchi, Y, Shibasaki, F, McKeon, F, Bobo, T, 

Franke, TF, and Reed, JC. Ca2+-induced apoptosis through calcineurin dephosphorylation of 

BAD. Science(1999) 284:339-343. 

Wang, X, Flynn, A, Waskiewicz, AJ, Webb, BL, Vries, RG, Baines, IA, Cooper, JA, and Proud, CG. 

The phosphorylation of eukaryotic initiation factor eIF4E in response to phorbol esters, cell 

stresses, and cytokines is mediated by distinct MAP kinase pathways. J.Biol.Chem.(1998) 

273:9373-9377. 

Wang, YJ, Gregory, RB, and Barritt, GJ. Maintenance of the filamentous actin cytoskeleton is 

necessary for the activation of store-operated Ca2+ channels, but not other types of plasma-

membrane Ca2+ channels, in rat hepatocytes. Biochem.J.(2002) 363:117-126. 

Weber, NC, Blumenthal, SB, Hartung, T, Vollmar, AM, and Kiemer, AK. ANP inhibits TNF-alpha-

induced endothelial MCP-1 expression--involvement of p38 MAPK and MKP-1. 

J.Leukoc.Biol.(2003) 74:932-941. 

Whiteside, ST and Israel, A. I kappa B proteins: structure, function and regulation. Semin.Cancer 

Biol.(1997) 8:75-82. 

Wieske, M, Benndorf, R, Behlke, J, Dolling, R, Grelle, G, Bielka, H, and Lutsch, G. Defined sequence 

segments of the small heat shock proteins HSP25 and alphaB-crystallin inhibit actin 

polymerization. Eur.J.Biochem.(2001) 268:2083-2090. 

Winston, JT, Strack, P, Beer-Romero, P, Chu, CY, Elledge, SJ, and Harper, JW. The SCFbeta-TRCP-

ubiquitin ligase complex associates specifically with phosphorylated destruction motifs in 

IkappaBalpha and beta-catenin and stimulates IkappaBalpha ubiquitination in vitro. Genes 

Dev.(1999) 13:270-283. 



7 References 

 
 

130

Wolter, KG, Hsu, YT, Smith, CL, Nechushtan, A, Xi, XG, and Youle, RJ. Movement of Bax from the 

cytosol to mitochondria during apoptosis. J.Cell Biol.(1997) 139:1281-1292. 

Woltmann, A, Hamann, L, Ulmer, AJ, Gerdes, J, Bruch, HP, and Rietschel, ET. Molecular 

mechanisms of sepsis. Langenbecks Arch.Surg.(1998) 383:2-10. 

Wong, JW, Shi, B, Farboud, B, McClaren, M, Shibamoto, T, Cross, CE, and Isseroff, RR. Ultraviolet 

B-mediated phosphorylation of the small heat shock protein HSP27 in human keratinocytes. J 

Invest Dermatol.(2000) 115:427-434. 

Wright, SD, Ramos, RA, Tobias, PS, Ulevitch, RJ, and Mathison, JC. CD14, a receptor for complexes 

of lipopolysaccharide (LPS) and LPS binding protein. Science(1990) 249:1431-1433. 

Yamamoto, M, Takeda, K, and Akira, S. TIR domain-containing adaptors define the specificity of TLR 

signaling. Mol.Immunol.(2004) 40:861-868. 

Yang, H, Young, DW, Gusovsky, F, and Chow, JC. Cellular events mediated by lipopolysaccharide-

stimulated toll-like receptor 4. MD-2 is required for activation of mitogen-activated protein kinases 

and Elk-1. J.Biol.Chem.(2000) 275:20861-20866. 

Yaron, A, Hatzubai, A, Davis, M, Lavon, I, Amit, S, Manning, AM, Andersen, JS, Mann, M, Mercurio, 

F, and Ben Neriah, Y. Identification of the receptor component of the IkappaBalpha-ubiquitin 

ligase. Nature(1998) 396:590-594. 

Yin, XM and Ding, WX. Death receptor activation-induced hepatocyte apoptosis and liver injury. 

Curr.Mol.Med.(2003) 3:491-508. 

Yuan, Z, Liu, Y, Liu, Y, Zhang, J, Kishimoto, C, Wang, Y, Ma, A, and Liu, Z. Cardioprotective effects of 

PPAR-{gamma} activators in autoimmune myocarditis: anti-inflammatory actions associated with 



8 Appendix 

 
 

131

NF-{kappa}B blockade. Heart(2005)  

Zhang, FX, Kirschning, CJ, Mancinelli, R, Xu, XP, Jin, Y, Faure, E, Mantovani, A, Rothe, M, Muzio, 

M, and Arditi, M. Bacterial lipopolysaccharide activates nuclear factor-kappaB through 

interleukin-1 signaling mediators in cultured human dermal endothelial cells and mononuclear 

phagocytes. J.Biol.Chem.(1999) 274:7611-7614. 

Ziegler-Heitbrock, HW, Wedel, A, Schraut, W, Strobel, M, Wendelgass, P, Sternsdorf, T, Bauerle, 

PA, Haas, JG, and Riethmüller, G. Tolerance to lipopolysaccharide involves mobilization of 

nuclear factor kappa B with predominance of p50 homodimers. J.Biol.Chem.(1994) 269:17001-

17004. 

 
 



8 Appendix 

 
 

132

8. Appendix 



8 Appendix 

 
 

133

8.1 ABBREVIATIONS 

 

A     Ampère 

ADF     Actin depolymerizing factor 

ALT     alanine transferase 

ANP     Atrial Natriuretic Peptide 

AP-1     Activator protein-1 

AST     aspartate transferase 

ATP     Adenosine-5`-triphosphate 

BNP     Brain Natriuretic Peptide 

Bp     Basepair 

8-Br-cGMP    8-Bromo-3`,5`-cyclic monophosphate 

BSA     Bovine serum albumine 

°C     Degree Celsius 

cAMP     Cyclic Adenosine-5`-monophosphate 

cGMP     Cyclic Guanosine-5`-monophosphate 

Ci     Curie (1 Ci=3.7x107 Bequerel) 

CNP     C-type Natriuretic Peptide 

Co     Control 

cpm     Counts per minute 

Da     Dalton 

DMSO     Dimethylsulfoxide 

DNA     Desoxyribonucleic acid 

DTT     Dithiothreitol 

EC     Endothelial cell 

EDTA     Ethylenediaminetetraacetic acid 

EGTA     Ethyleneglycol-bis(aminoethylether)-tetraacetic acid 

EMSA     Electrophoretic mobility shift assay 

Erk     Extracellular-regulated kinase 
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EtOH     Ethanol 

G     Gram 

GDP     Guanosine-5`-diphosphate 

GTP     Guanosine-5`-triphosphate 

H     Hour 

HEPES     N-(2-hydroxyethyl)piperazine 

HRP     Horseradish peroxidase 

HUVEC     Human umbilical vein endothelial cell 

IκBα     Inhibitor of κB α 

IR     Ischemia/Reperfusion 

IRI     Ischemia reperfusion injury 

JNK     c-Jun N-terminal kinase 

KC     Kupffer cell 

kDa     Kilo Dalton 

l     Liter 

LDH     Lactate dehydrogenase 

LPS     Lipopolysaccharide 

m     Milli (10-3) 

M     Molar 

µ     Micro (10-6) 

MAPK     Mitogen-activated kinase 

MCP-1     Monocyte chemoattractant protein-1 

MeOH     Methanol 

min     Minute 

MKP     Mitogen-activated kinase phosphatase 

MPT     Mitochondrial permeability transition 

mRNA     Messenger ribonucleic acid 

n     Nano (10-9) 

NF-κB     Nuclear factor-κB 

NO     Nitric oxide 
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NP     Natriuretic Peptide 

NPR     Natriuretic Peptide receptor 

PAA     Polyacrylamide 

PAGE     Polyacrylamide-gel electrophoresis 

PBS     Phosphate buffered saline 

PI3-K     Phosphatidylinositol-3 kinase 

PIP3     Phosphatidylinositol-3,4,5-triphosphate 

PKA     cAMP-dependent protein kinase 

PKC     Protein kinase C 

PKG     cGMP-dependent protein kinase 

PMSF     Phenylmethylsulfonylfluoride 

RNA     Ribonucleic acid 

ROS     Reactive oxygen species 

rpm     Rounds per minute 

RT     Room temperature 

SDS     Sodium dodecyl sulfate 

sec     Second 

SEM     Standard error of mean 

TBS-T     Phosphate buffered saline solution with Tween 

TEMED     Tetramethylethylenediamine 

TNF-α     Tumor necrosis factor alpha 

Tris     Tris-hydromethyl-aminomethan 

U     Unit 

V     Volt 

W     Watt 
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8.2 ALPHABETICAL LIST OF COMPANIES 

 

Alexis Biochemicals   Grünberg, Germany 

AGFA     Cologne, Germany 

Amersham    Braunschweig, Germany 

Bachem    Heidelberg, Germany 

BD Biosciences    Heidelberg, Germany 

Beckman Instruments   Munich, Germany 

Biomol     Hamburg, Germany 

Bio-Rad Laboratories   Munich, Germany 

Biosource    Nivella, Belgium 

Biozol     Eching, Germany 

Boehringer    Mannheim, Germany 

Braun     Melsungen, Germany 

Calbiochem    Schwalbach, Germany 

Canberra-Packard   Dreieich, Germany 

Cell signaling/NEB   Frankfurt/Main, Germany 

Charles River GmbH   Sulzfeld, Germany 

Dianova    Hamburg, Germany 

Eppendorf    Maintal, Germany 

Fuji     Düsseldorf, Germany 

Greiner     Frickenhausen, Germany 

Heraeus    Hanau, Germany 

Kodak     Rochester, USA 

Leinco/Biotrend    Cologne, Germany 

Merck-Eurolab    Munich, Germany 

Millipore    Eschborn, Germany 

Molecular Probes/Invitrogen  Karlsruhe, Germany 

NEN     Cologne, Germany 
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Olympus Optical   Hamburg, Germany 

Perkin-Elmer    Rodgau-Jügesheim, Germany 

Peske     Aindling-Pichl, Germany 

Pharmacia Biotech   Heidelberg, Germany 

Pierce     Rockford, USA 

Roche Diagnostics   Mannheim, Germany 

Roth     Karlsruhe, Germany 

Santa Cruz    Heidelberg, Germany 

Siemens    Erlangen, Germany 

Sigma-Aldrich    Taufkirchen, Germany 

Ssniff     Soest, Germany 

Stressgen    San Diego, USA 

Upstate/Biomol    Hamburg, Germany 

Zeiss     Oberkochen, Germany 
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