
 

 

 University of Groningen

Mechanisms of oxidative stress-induced cell death in hepatocytes
Conde de la Rosa, Laura

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2006

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Conde de la Rosa, L. (2006). Mechanisms of oxidative stress-induced cell death in hepatocytes: targets for
protective intervention. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-05-2023

https://research.rug.nl/en/publications/a2888586-c6f6-485e-acc9-fcae992cca3b


    CHAPTER 2                            

 

 
 

 

 

 

 

 

 

General introduction 
 

 

 

 

 

 

 

 

 

 



Chapter 2 

 12 

Oxidative stress is the inappropriate exposure to reactive oxygen species (ROS) and results 
from the imbalance between prooxidants and antioxidants leading to cell damage (damage of 
lipids, proteins, carbohydrates and nucleic acids) and tissue injury.  
Oxidative stress is associated to many diseases such as diabetes, atherosclerosis, arthritis, 
neurodegenerative disorders, cancer and most liver diseases, including chronic viral hepatitis 
(1), alcoholic hepatitis, non-alcoholic fatty liver disease (NAFLD), non-alcoholic 
steatohepatitis (NASH) (2) and chronic cholestasis.  
In liver diseases, excess of ROS can induce hepatocyte cell death by either apoptosis or 
necrosis, leading to liver injury and loss of liver function.  
 
Sources of Reactive Oxygen Species 
Reactive Oxygen Species (ROS) represents a variety of diverse species including superoxide 
anions (O2

.-), hydrogen peroxide (H2O2) and hydroxyl radicals (HO.). Some of these species 
(HO., O2

.-) are known as radicals (molecules containing unpaired electrons) and are extremely 
unstable, while others like hydrogen peroxide are freely diffusible, relatively stable and long-
lived. ROS are produced during normal intracellular metabolism (endogenously) and from 
exogenous substances. 
Endogenous sources include mitochondria, xanthine oxidase, cytochrome P450 metabolism, 
peroxisomes and inflammatory cell activation (macrophages, neutrophils, eosinophils). 
 
Mitochondria 
The mitochondrial respiratory chain, located in the inner membrane, is a powerful source of 
ROS. Molecular oxygen can accept four electrons and the corresponding number of protons to 
generate two molecules of water. Mitochondria are the main consumers of oxygen in the cell. 
Most of the oxygen consumed during oxidative phosphorylation is converted to water. 
However a minor percentage (1-2%) generates superoxide anions which may damage the 
mitochondria and form ROS (3). 
ROS are produced in two major respiratory chain regions, complex I (NADH 
deshydrogenase) and complex III (ubiquinone-cytochrome c reductase) (4-6). 
Superoxide anions are formed on both sides of mitochondrial membranes and are efficiently 
detoxified to hydrogen peroxide by Cu/Zn-SOD (intermembrane space) and Mn-SOD 
(matrix). Hydrogen peroxide in turn is converted into water by catalase or glutathione 
peroxidase (7) (fig. 1). 
 
Xanthine oxidase (XO) 
Xanthine oxidase is a molybdenum and iron containing hydroxylating enzyme involved in the 
degradation of purine like nucleotides. This enzyme catalyzes the reaction of hypoxanthine to 
xanthine, forming superoxide anions, and of xanthine to uric acid, forming hydrogen peroxide 
(8) (fig.1).  
  
Cytochrome P450 metabolism 
Cytochrome P450 enzymes metabolize a variety of substrates such as fatty acids, cholesterol 
or bile acids and exogenous compounds like drugs (e.g. acetaminophen) and alcohol. The 
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underlying biochemical reactions consume oxygen whereby small amounts of ROS are 
generated. One type of cytochrome molecule that is especially active in producing ROS is 
known as CYP2E1. This is also the enzyme that coverts alcohol to acetaldehyde 
 
Peroxisomes under physiologic condition produce hydrogen peroxide and not superoxide 
anions. Peroxisomal oxidation of fatty acids has recently been recognised as a potentially 
important source of hydrogen peroxide production during prolonged starvation. 
 
Macrophages and neutrophils contain a group of enzymes called the NADPH oxidase 
complex. Activated macrophages initiate an increase in oxygen uptake that gives rise to a 
variety of ROS, including superoxide anions, nitric oxide and hydrogen peroxide (9) (fig.1). 
ROS can also be produced by exogenous substances, including environmental toxins, 
xenobiotics, radiation, ultraviolet light, metal ions and barbiturates. 
 
The antioxidant systems 
Antioxidant defences can be classified into enzymatic and non-enzymatic systems. 
 
Enzymatic antioxidant defences 
Superoxide dismutase (SOD) 
There are three isoforms of SOD with different subcellular localizations. Those containing 
copper and zinc (Cu/Zn-SOD; SOD1) are located in the cytosol and in the mitochondrial 
intermembrane space, the manganese containing SOD (SOD2) in the mitochondria and the 
extracellular form usually is located on the outside of plasma membrane interacting with 
matrix components. 
This enzyme catalyses the dismutation of superoxide to hydrogen peroxide and oxygen 

                                      
2 O2

.- + 2 H+ H2O2 + O2
SOD

2 O2
.- + 2 H+ H2O2 + O2

SOD
 

 
Superoxide anions rapidly react with nitric oxide to form the potent oxidant peroxynitrite (10, 
11).  

                                                 O2
.- + NO . → ONOO -  

                                             
Peroxynitrite reacts with a number of important biological molecules including thiols (GSH), 
lipids, proteins and nucleic acids (12). In mitochondria, peroxynitrite inactivates MnSOD, 
thus increasing the amount of superoxide anions that are available to react with nitric oxide to 
form more peroxynitrite (13), which damages the mitochondria and disrupts ATP synthesis, 
leading to cellular death. Exposure to large amounts of peroxynitrite quickly leads to necrotic 
cell death, due to disruption of cellular metabolism and membrane integrity (14). 
 
Hydrogen peroxide is a weak oxidant and, unlike superoxide, can rapidly diffuse across cell 
membranes. In the presence of metal ions it can be converted into toxic hydroxyl radicals via 
Fenton chemistry: 

                                    Fe+2 +  H2O2 → Fe+3 + OH  + OH -  
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Catalase  
This iron-containing enzyme is primary found in peroxisomes. It is predominantly 
concentrated in liver and it detoxifies hydrogen peroxide by catalyzing a reaction between two 
hydrogen peroxide molecules, resulting in the production of water and oxygen (fig. 1). 

                                            2 H2O2 2 H2O + O2
CAT2 H2O2 2 H2O + O2
CAT

                     
 
Glutathione peroxidase system 
This system consists of several components including the enzymes glutathione peroxidase and 
glutathione reductase and the cofactors glutathione and NADPH. All components together 
efficiently remove hydrogen peroxide (fig. 1).  

                                         2 GSH + H2O2 GSSH + 2 H2O                    
GPx

2 GSH + H2O2 GSSH + 2 H2O                    
GPx

                    
 
 
Nonenzymatic defences 
 
Glutathione (GSH) 
This tripeptide is present in high amounts in all cells, including hepatocytes (15, 16). It is 
synthesized in the cytosol, in a two-step energy consuming process, and distributed in 
different organelles, such as endoplasmic reticulum and mitochondria. In the mitochondria, 
GSH is mainly found in the reduced form. It detoxifies ROS produced in the mitochondrial 
electron transport chain, thus protecting the organelle. Mitochondrial GSH depletion may 
compromise mitochondrial function and sensitizes cells to diverse oxidant-induced toxicity, 
leading to cell death (17).   
 
 Metal-binding proteins  
These proteins ensure that metals (iron and copper) are maintained in a nonreactive state and 
avoid formation of hydroxyl radicals. Transferrin and lactoferrin bind iron while albumin 
binds copper.  
 
Vitamins  
Vitamin C (ascorbate), E (α-tocopherol) and carotenoids (vitamin A precursor) exert their 
antioxidant action as free-radical scavengers. Tocopherols and flavonoids inhibit peroxidation 
by acting as chain-breaking peroxyl-radical scavengers (fig. 1). 
Furthermore, other substances such as bilirubin, melatonin and uric acid have been proposed 
to act as antioxidant systems.  
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Figure 1. Schematic summary of different sources of reactive oxygen species and ROS detoxification 
mechanisms.                      
 

Cell death and liver disease 
During acute and chronic liver diseases, hepatocytes are exposed to increased levels of 
oxidative stress, cytokines (e.g. Tumor necrosis factor-alpha (TNF-α), Interleukin-1-beta (IL-
1β) and Interferon-gamma (IFN-γ)) and bile acids. Hepatocytes have highly efficient 
detoxification mechanisms and an enormous capacity to defend themselves against these 
agents, however, over-exposure to high levels of ROS perturbs the normal redox balance and 
shift cells into a state of oxidative stress, resulting in cell death. Under oxidative stress 
conditions, the mode of cell death is primarily dependent on the variety of ROS, the cell type 
and the specific condition of ATP content in the cell. Therefore, it is important to know the 
mechanisms leading to hepatocyte cell death, because a more complete understanding of the 
cellular response to oxidative stress could be of significant relevance to comprehend and treat 
liver diseases. 
Cell death can occur via two different pathways, necrosis and apoptosis. However, features 
characteristic of both necrotic and apoptotic cell death often occur in the same tissue and even 
the same cell simultaneously (18). 
Necrosis is passive and associated with ATP depletion, rupture of the plasma membrane and 
spilling of the cellular content eliciting inflammation (19). In contrast, apoptosis, or 
programmed cell death (19-21), is an active process characterized by cell shrinkage, 
chromatin condensation, formation of apoptotic bodies (small membrane-surrounded cell 
fragments) and activation of caspases (22-24). Apoptosis represents a regulated form of cell 
death and it is important in processes such as cell selection during development, immunologic 
responses and homeostasis. Deregulated apoptosis contributes to pathologic states. The strict 
regulation of apoptotic cell death allows therapeutic intervention strategies. Therefore, the aim 
of this thesis focuses on the mechanisms of cell death induced by oxidative stress in normal 
primary hepatocytes, and in addition, we describe different ways to interfere with this process. 
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Death receptor-mediated apoptosis 
Activation of death receptors on the cell membrane, that belong to the tumor necrosis/nerve 
growth factor (TNF/NGF) receptor super family, can initiate apoptotic cell death.  
Hepatocytes express Fas (CD95), but not Fas Ligand, preventing them from killing their 
neighbours. The expression of Fas is markedly increased in the livers of patients with non-
alcoholic steatohepatitis (NASH) (25) or in fat-laden mouse hepatocytes (26). Furthermore, 
several other conditions leading to increased ROS production (drug/alcohol abuse/Wilson’s 
disease) cause Fas Ligand expression by hepatocytes, leading to apoptosis (27). 
Hepatocytes also express Tumour necrosis factor Related Apoptosis Inducing Ligand-receptor 
(TRAIL-R1), TRAIL receptor-2 (TRAIL-R2) and tumour necrosis factor-receptor type-1 
(TNF-R1). Death receptors are type-1 transmembrane proteins with an extracellular ligand-
binding N-terminal region, a membrane spanning region and a C-terminal intracellular tail. 
The extracellular region contains cysteine-rich domains, whereas the intracellular region 
contains the death domain essential for signalling apoptosis. Unlike Fas or TRAIL-R1 and 
TRAIL-R2, TNF-R1-mediated intracellular signalling is more complex as it activates both 
apoptotic and survival signals.  
ROS causes an increased synthesis of TNF-α. It has been described that patients with NASH 
have both high hepatic TNF-α mRNA levels and high TNF-R1 expression (28). 
In the liver, inflammatory cells, cholangiocytes and Kupffer cells are the main sources of 
TNF-α. Upon activation by TNF-α, trimerization of TNF-R1 is followed by recruitment of 
the adaptor protein TRADD (TNF-Receptor Associated protein with Death Domain). 
TRADD recruits signalling proteins like FADD (Fas Associated Death Domain) and it is also 
capable of activating survival pathways like Nuclear Factor kappa B (NF-κB) and Mitogen-
activated protein kinases (MAPKs)(fig. 2). 
FADD contains a death effector domain, which, through death-inducing signalling complex 
(DISC), mediates the recruitment of cysteine aspartyl-specific proteases (caspases), such as 
caspase-8 and caspase-10 that activates the death signalling cascade. Active caspase is a 
heterotetrameric enzyme and consists of two large and two small subunits with two active 
sites per molecule. Caspases cleave their substrates at aspartic acid (Asp) residues in the 
context of tetrapeptide motifs. Active caspase-8 is involved in the cleavage and activation of 
effector caspase-3, which is considered one of the central executioner molecules and is 
responsible for cleaving various proteins thereby disabling important cellular structural and 
repair processes. 
Mitochondria play a crucial role in controlling apoptotic cell death, particularly in 
hepatocytes. Hepatocytes are type II cells in which only a small amount of active caspase-8 is 
formed at the DISC. Therefore, a mitochondrial amplification loop is essential to induce 
apoptotic cell death in hepatocytes.  
Knowledge of mitochondria-controlled apoptosis is needed to find suitable intervention 
targets for liver diseases.  
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Figure 2. Schematic summary of Death Receptor-mediated and Mitochondria-mediated signal transduction 
pathways. TNF-R1-mediated intracellular signalling activates both apoptotic and survival signals.  
 

Mitochondria-mediated apoptosis 
The activation of a death receptor, e.g. by ROS, activates caspase-8, but this is not sufficient 
in type II cells and an amplification of the apoptotic signal is needed to trigger apoptosis. In 
this type of cells, active caspase-8 cleaves the protein BH3 interacting domain death agonist 
(Bid) into a truncated form. Truncated Bid (tBid) can enter the outer mitochondrial membrane 
to disrupt its permeability. This phenomenon is known as the mitochondria permeability 
transition (MPT). However, the main effect of tBid is to induce a conformational change in 
Bcl-2-associated X protein (Bax). Bax associates with Bak and the complex translocates to 
the outer mitochondrial membrane to form channels in this membrane (29). The increased 
outer membrane permeability allows the release of proteins, such as cytochrome c from the 
intermembrane space into the cytoplasm. This event abolishes the flow of electrons in the 
respiratory chain, blocks ATP production and increases mitochondrial ROS production (30). 
ROS can then act on the inner membrane of the same or other mitochondria to open a pore, 
called the mitochondrial permeability transition pore (MPTP). Pore opening induces matrix 
expansion and outer membrane rupture (31), which causes the release of cytochrome c and 
other proapoptotic proteins from the intermembrane space to the cytosol. Once in the cytosol, 
cytochrome c complexes with apoptosis protein-activating factor 1 (Apaf-1), dATP and 
cytosolic pro-caspase-9 to form a caspase-activating complex known as the apoptosome (32-
36). Cytochrome c and dATP induce refolding of Apaf-1, which allows interaction with pro-
caspase-9. In this way, caspase-9 is activated, which subsequently cleaves and activates 
caspase-3 (31). Depending on cell type and stimulus, caspase-3 can be involved in the 
activation of procaspase-8, procaspase-6, procaspase-9 and Bid, that results in a feedback 
amplification of the apoptotic signal (37, 38).  
Other mitochondrial apoptogenic factors that are released from the intermembrane space are 
Smac/DIABLO and Omi/HtrA2. Proteolytic processing in the mitochondria is required by 
these proteins to become active (39, 40). The release of Smac/DIABLO requires active 
caspases, occurs downstream of cytochrome c translocation and can be controlled by Bax (41, 
42). In addition, Smac/DIABLO sequesters members of the Inhibitor of Apoptosis Family 
(IAP family) such as XIAP, cIAP1 and cIAP2, which has been shown to bind the activated 
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forms of caspase-3 and -9, blocking apoptosome-mediated caspase activation (43). This 
results in the release of active caspases and the propagation of caspase cascades (44, 45). 
Omi/HtrA2 exerts a similar function although it also contributes to caspase-independent 
apoptosis due to its N-terminal serine protease catalytic domain (46-48). 
Anti-apoptotic members like Bcl-2, Bcl-XL and A1/Bfl-1, and pro-apoptotic Bak are integral 
membrane proteins that are predominantly present in the outer mitochondrial membrane, but 
may also be present in other organellar membranes. In contrast, pro-apoptotic members like 
Bax, Bid and Bad are sequestered in the cytosol prior to a death signal (49). In the 
mitochondrial membrane, Bad interacts with and antagonises anti-apoptotic Bcl-2 and/or Bcl-
XL (50). The anti-apoptotic Bcl-2 family members inhibit apoptosis by binding Bax and Bak, 
sequestering tBid and Apaf-1, and preventing mitochondrial release of cytochrome c and 
Smac/DIABLO (51-54). 
 
ROS can also damage the mitochondria directly, by oxidizing mtDNA, proteins and lipids or 
by further increasing lipid peroxidation-induced damage of mitochondria. 
It has been described that increased permeability of the mitochondrial membranes can also 
lead to necrosis. The decision between necrotic and apoptotic cell death may depend on the 
cellular concentration of ATP. Thus, the mitochondrial permeability transition (MPT) 
mediates both necrosis and apoptosis, but when the MPT affects most mitochondria, a marked 
depletion of ATP can develop, leading to necrotic cell death. When the MPT occurs without 
severe ATP depletion, apoptosis develops, which may be followed by secondary necrosis if 
ATP is eventually depleted (55). 
The balance between pro-apoptotic and anti-apoptotic pathways determines the outcome of 
cell death upon a stimulus. As long as protective proteins are available, the balance will be in 
favour of cell survival. Thus, understanding of cell survival mechanisms is essential to find 
therapeutic interventions for liver diseases associated with oxidative stress. 
 
Survival pathways in liver diseases 
Among the main signalling pathways that are activated in response to oxidant injury are the 
mitogen-activated protein kinases (MAPKs), including extracellular signal-regulated kinase 
(ERK1/2), c-jun amino-terminal kinase (JNK) and p38 MAPK, the phosphoinositide 3-kinase 
(PI3K)/Akt pathway, the nuclear factor kappa B (NF-κB) signalling system and the enzyme 
heme oxygenase. 
In general, heme oxygenase, ERK1/2 and p38 MAPK, PI3K and NF-κB signalling pathways 
are considered to be pro-survival during oxidative stress-induced injury, whereas activation of 
JNK MAPK is usually linked to apoptosis. 
Hence, ROS-induced activation of survival pathways may attenuate their toxicity.  
 
Nuclear factor kappa B (NF-κB) signalling pathway 
NF-κB is an important regulator of the balance between cell survival and cell death. It is an 
ubiquitous heterodimeric transcription factor that is sequestered in the cytoplasm by proteins 
of the IκB family (56). IκB is regulated by a protein complex that includes two kinases IKKα 
and IKKβ, both capable of phosphorylating IκB and a regulatory subunit IKK gamma 
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(NEMO). Phosphorylation and degradation of IκB frees NF-κB and exposes a nuclear 
localization sequence, leading to the translocation of NF-κB to the nucleus. Once in the 
nucleus, NF-κB binds to κB binding sites in promoters of target genes, inducing their 
transcription.  
NF-κB is activated by inflammatory cytokines, such as TNF-α and IL-1β, oxidative stress 
(57), endotoxin (LPS) (58), protein kinase C (PKC) and phosphatidylinositol-3 (PI3K). 
NF-κB signalling pathway has been described to antagonise hepatocyte cell death by 
influencing the balance between pro- and anti-apoptotic signals. It has been postulated that 
NF-κB inhibits TNF-α-induced accumulation of ROS that normally mediate prolonged c-Jun 
N-terminal kinase (JNK) activation and cell death (59). Indeed, inhibition of NF-κB activity 
induces apoptosis in hepatocytes, suggesting its role in the transcription of anti-apoptotic 
genes (60). 
 
Mitogen-activated protein kinases (MAPKs) signalling  pathways 
The MAPK cascade includes a mitogen-activated protein kinase kinase kinase (MAPKKK), 
mitogen-activated protein kinase kinase (MAPKK) and MAPK. In the large MAPK family 
three subgroups have been identified: the c-Jun N-terminal kinase (JNK), p38 MAPK and the 
extracellular signal-regulated kinase (ERK1/2), which have been shown to be activated by 
oxidative stress and affect cell survival. ERK1/2 and p38 MAPK have been associated to cell 
survival, whereas JNK has been linked to cell death. The balance between ERK1/2, p38 and 
JNK activation is crucial in the determination between cell death and cell survival (fig. 3). 
It has been described that inhibition of JNK activation, using specific inhibitors or dominant-
negative mutants for JNK, suppresses apoptosis. Several studies have shown the important 
role of JNK in signal transduction of oxidative stress-induced apoptotic cell death. 
Furthermore, many studies have described an effect of JNK at the level of the mitochondria 
triggering the mitochondrial death pathway, including phosphorylation and activation of pro-
apoptotic bcl-2 family members and cytochrome c release (61-67). 
In this thesis the role of MAPK signalling pathways, in cell survival and cell death, has been 
studied in detail using specific inhibitors. 

                           

P

Grb

cytoplasm

nucleus

E-Box

p90RSK cMyc ELK1
SRE

MLKs/TAK/ASK1

CRE

ATF-2

SAPK/JNK

SEK1/MKK4/7

AP-1

fosjun

SOS

c/B-RafMAPKKK

ERK1/2

MEK1/2MAPKK

MAPK

ASK1/MEKK1/4

Cytokines
Oxidative Stress

P

p38

MKK3/6

GF

PPPPP PPPP

Ras

P

GF

GrbSOSRas

Plasma membrane

P

Grb

cytoplasm

nucleus

E-Box

p90RSK cMyc ELK1
SRESRE

MLKs/TAK/ASK1

CRE

ATF-2

SAPK/JNK

SEK1/MKK4/7

AP-1

fosjun

SOS

c/B-RafMAPKKK

ERK1/2

MEK1/2MAPKK

MAPK

ASK1/MEKK1/4

Cytokines
Oxidative Stress

P

p38

MKK3/6

GF

PPPPP PPPP

Ras

P

GF

GrbSOSRas

Plasma membrane

 
 

Figure 3. Schematic overview of the MAPK signalling pathways. See text for details. 
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Phosphoinositide 3-kinase (PI3K)/Akt  pathway signalling 

The PI3-kinase family is a superfamily subdivided in three different classes of enzymes that 
are linked to different cellular functions, including cell survival (FIG). Class I enzymes have 
been characterised and subdivided into two groups of PI3-kinases, class IA and IB. The 
catalytic subunit of class IA interacts with adaptor proteins and is involved in activation by 
growth factor receptors (e.g. the epidermal growth factor receptor: EGF-R), while class IB is 
required for G-protein-coupled receptor systems (68).  
Class I PI3-kinase reside mainly in the cytosol until recruited into active signalling complexes 
at the plasma membrane, where they are involved in the generation of 3’-phosphorylated 
phosphoinositides, that function as signalling intermediates in signal transduction cascades. 
Targets of PI3K, such as the serine kinase Akt, also known as protein kinase B, have been 
associated with the inhibition of apoptosis in a variety of ways (69, 70). The PI3K/Akt 
pathway transduces survival signals through phosphorylation processes and regulates pro- and 
anti-apoptotic factors, such as BAD, caspase-9, and IKKα. It has been reported that Akt 
activates ERK1/2, NF-κB and inhibits JNK and Bax phosphorylation and thus protects 
against mitochondria disruption and apoptosis (71, 72). In these studies a cross talk between 
pro- and anti-apoptotic signalling pathways is described, such as PI3K/Akt and JNK MAPK 
pathways, modulating the balance between cell survival and cell death. 
 
Src family signalling 
Src-family protein-tyrosine kinases are intermediate regulatory proteins that play important 
roles in differentiation, motility, proliferation and survival. Src activates the anti-apoptotic 
PI3K/Akt pathway in human colon tumor cell lines (73). In addition, Src increases Bcl-xl 
expression in rat intestinal epithelial cells (74). 
 
Heme oxygenase 
Heme oxygenase (HO) catalyzes the oxidation of heme to form equimolar amounts of ferrous 
iron, carbon monoxide (CO) and biliverdin, which is rapidly converted into bilirubin by 
NAD(P)H:biliverdin reductase. Three different isoforms of HO have been described (75). 
These isozymes are products of different genes and differ in their tissue distribution and 
molecular properties. The HO-2 isoform is constitutively expressed and is present in high 
levels in brain and testes. HO-3 has a catalytic activity and function as a heme-binding 
protein. In contrast, HO-1 is ubiquitously distributed and highly inducible by a variety of 
different stimuli, most of them associated with oxidative stress (76). HO-1 may act as an 
inducible defence system against oxidative stress, e.g. in models of inflammation, ischemia-
reperfusion, hypoxia and hyperoxia-mediated injury (77). In the liver, HO-1 induction 
protects against ischemia/reperfusion injury (78, 79) and endotoxemia (80, 81). In addition, 
overexpression of HO-1 by gene transfer has been shown to protect against hyperoxia induced 
by lung injury (82) and from immune-mediated apoptotic liver damage in mice (83). 
However, the mechanisms by which HO-1 mediates cytoprotection have not been elucidated 
yet. Protective effects of both biliverdin and CO have been reported and several studies 
suggest that biliverdin protects against oxidative stress by acting as an anti-oxidant in 
different models of liver injury  (84, 85). Although there has been a lot of recent interest in the 
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role of carbon monoxide as signalling molecule (86, 87), little is known about the biological 
actions of CO.  
In this thesis, we investigate the regulation of HO-1 in vivo (model of acute inflammation and 
chronic cholestasis) and in vitro in primary cultures of rat hepatocytes. In addition, we 
examine whether HO-1 and its product CO have a protective role against oxidative stress-
induced apoptosis in primary hepatocytes. 
 
Clinical relevance: oxidative stress in human liver disorders 
Most chronic liver diseases are accompanied by oxidative stress. This induces liver injury and 
loss of liver function. Non-alcoholic fatty liver diseases (NAFLD), also known as hepatic 
steatosis or fatty liver, refer to the clinical condition of accumulation of fat in the liver. This is 
associated with insulin resistance and usually is accompanied by obesity and diabetes. Insulin 
resistance increases lipolysis of adipose tissue, resulting in increased influx of free fatty acids 
to the liver. In addition, insulin resistance induces de novo triglyceride synthesis in the liver 
and inhibits fatty acid oxidation, promoting triglyceride accumulation. Insulin also influences 
glucose metabolism. Insulin induces storage of glucose in the liver, inhibits hepatic glucose 
production and stimulates uptake of glucose by muscle and adipose tissue. 
Due to oxidative stress and lipid peroxidation, hepatic steatosis can cause inflammation and 
hepatocellular damage, leading to non-alcoholic steatohepatitis (NASH), which can progress 
to fibrosis (88). NAFLD can progress to cirrhosis and hepatocellular carcinoma (89). 
Strategies to treat NAFLD aim to improve insulin resistance and protect the liver from 
oxidative stress-induced secondary injury. 
 The pathogenesis of NASH remains unclear, although it has been proposed that the excessive 
intrahepatic lipid accumulation and production of free radicals result in membrane and DNA 
damage (90-92). 
Oxidative stress has been identified as a feature of experimental models of fibrosis and 
cirrhosis (bile duct ligation; CCl4-intoxication). The oxidative stress responsive gene HO-1 is 
induced in many conditions of liver fibrosis and cirrhosis, both experimental and human (93). 
Antioxidants have been shown in some studies to be partially beneficial in the treatment of 
fibrosis and/or cirrhosis (94). 
 
Accumulation of bile acids in the liver during cholestasis stimulate ROS production and 
apoptosis, which can be prevented by antioxidants and TUDCA (95). Additionally, ROS play 
an important role in the pathogenesis of cholestasis as a consequence of biliary obstruction 
(96-99). Many studies have reported a beneficial effect of antioxidants in cholestasis, for 
example, N-acetylcysteine in biliary obstructed rats (100), melatonin prevents oxidative stress 
and hepatocytes cell death in cholestasis (101) and vitamin E (102) or resveratrol (103). It has 
been described that cholestasis causes liver injury by mechanisms involving mitochondrial 
oxidative stress. Gene delivery of mitochondrial MnSOD blocks formation of oxygen radicals 
and reduces liver injury induced by cholestasis (104). In addition, UDCA partially prevents 
hepatic and mitochondrial glutathione depletion and oxidation resulting from chronic 
cholestasis. Thus, UDCA treatment enhances the antioxidant defence mediated by glutathione 
and prevents cell injury in animal with secondary biliary cirrhosis (105). Additionally, 
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obstructive cholestasis during pregnancy causes oxidative stress and apoptosis in rat placenta, 
which can be prevented by treatment with UDCA.  
 
Hepatitis C virus infection is characterized by oxidative stress caused by chronic 
inflammation, and causes hepatitis that can progress to fibrosis, steatosis and liver failure 
(106). Oxidative stress has been implicated in the pathogenesis of acute liver failure, which 
represents a serious clinical problem associated with high morbidity and mortality and very 
limited treatment options. HO-1, an enzyme induced by oxidative stress, has been shown to 
be induced in hepatocytes of acute liver failure patients (107). Additionally, the antioxidant 
N-acetylcysteine, decreases oxidative stress, hepatocytes necrosis and acute hepatic failure 
induced by carbon tetrachloride in rats (108). 
 
In conclusion, under oxidative stress conditions, the mode of cell death is dependent on the 
variety of ROS and the cell type. Since in chronic liver diseases hepatocytes are exposed to 
various ROS, it is of clinical importance to elucidate the mode and mechanism of cell death in 
hepatocytes exposed to oxidative stress. This may provide tools that may develop into future 
therapeutic targets for liver disorders. 
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