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Oxidative stress has been defined as the inappropriate exposure to reactive oxygen species 
(ROS) and results from the imbalance between prooxidants and antioxidants leading to cell 
damage and tissue injury.  
ROS, including superoxide anions (O2

.-), hydrogen peroxide (H2O2) and hydroxyl radicals 
(HO.), are produced during normal intracellular oxygen metabolism and from exogenous 
substances.  
Hepatocytes are equipped with highly efficient detoxification mechanisms to defend 
themselves and prevent ROS-induced cell damage. Superoxide anions are efficiently 
detoxified to hydrogen peroxide by Cu/Zn or Mn- superoxide dismutase (SOD). Hydrogen 
peroxide in turn is converted into water by catalase or glutathione peroxidase (1). Glutathione 
is present in high amounts in hepatocytes (2, 3) and represents an efficient mechanism to 
detoxify ROS (4).   
In spite of the highly efficient detoxification mechanisms, over-exposure to high level of ROS 
results in oxidative stress, resulting in cell death. Under oxidative stress conditions, the mode 
of cell death (apoptosis or necrosis) is primarily dependent on the variety of ROS and the cell 
type. In chronic liver diseases, such as alcoholic and viral hepatitis, NASH and cholestasis, 
hepatocytes are invariably exposed to oxidative stress caused by diverse reactive oxygen 
species, which induces cell damage and subsequently hepatocyte cell death and loss of liver 
function. Therefore, it is important to know the mechanisms that lead to ROS-induced  
hepatocyte death, because a more complete understanding of the cellular response to oxidative 
stress could be of significant relevance to comprehend and treat liver diseases. 
 
Chapter 3 describes major differences in mechanisms and mode of cell death (apoptosis and 
necrosis) induced by distinct reactive oxygen species in primary hepatocytes. On one hand, 
H2O2 does not induce apoptosis or necrotic cell death in normal primary hepatocytes at 
concentrations below 5mmol/L. Only higher concentrations or when H2O2 detoxification is 
impaired, turns H2O2 into a necrotic compound. The high efficiency of H2O2 detoxification, 
especially catalase, explains why H2O2 is hardly sensed by hepatocytes, being only 
moderately toxic at concentrations up to 4 mmol/L. Other studies showed divergent effects of 
H2O2, reporting both necrotic and apoptotic cell death in hepatoma cell lines (5, 6). Indeed, 
the mode of cell death is dependent on the cell type, with hepatoma cell lines yielding 
different results than normal non-transformed hepatocytes. Additionally, it is well known that 
tumour cells exhibit increased intrinsic oxidative stress and have adapted to this situation by 
altered oxidative stress defence mechanisms (7, 8). Differences in the sensitivity to apoptotic 
stimuli between transformed hepatoma cells and normal non-transformed hepatocytes have 
been reported (9, 10). Therefore, results obtained using hepatoma cell lines cannot be 
extrapolated to normal, non-transformed hepatocytes.  
Exposure to ROS has been shown to activate signal transduction pathways, which may 
modulate cell death (11-13). However, we have demonstrated that hydrogen peroxide does 
not modulate ERK or JNK MAPK. This could be due to the fact that hydrogen peroxide is 
hardly sensed by the hepatocytes. 
On the other hand, we have shown that the superoxide anions-donor menadione mainly 
induces apoptosis and to a much lesser extent necrotic cell death in primary hepatocytes.  
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Superoxide anions-induced PARP cleavage and apoptosis are dependent on caspase 
activation, since inhibitors of caspases prevent PARP-cleavage and subsequently apoptosis. 
Additionally, we demonstrate that caspase-9 activation is upstream of caspase-6 and -3 
activation. In type II cells, apoptosis is dependent on the release of pro-apoptotic factors from 
the mitochondria, that activate caspase-9 and subsequently caspase-3 (14-16). Our 
demonstration of superoxide anions-induced caspase-9 activation indicates disruption of the 
mitochondria and release of pro-apoptotic factors (16). 
We have reported that superoxide anions activate JNK and ERK1/2 MAPK in hepatocytes. In 
addition, we have demonstrated that superoxide anions-induced apoptosis is dependent on 
JNK activity, since inhibition of JNK activation abolishes menadione-induced apoptosis, 
providing evidence for a pro-apoptotic role of JNK. The mechanisms by which JNK exert its 
pro-apoptotic properties are not completely understood. The fact that JNK inhibition blocks 
caspase-9 activation indicates that JNK triggers the mitochondrial pathway after menadione 
treatment. Indeed, many studies have described an effect of JNK at the level of the 
mitochondria, triggering the mitochondria death pathway, including phosphorylation and 
activation of pro-apoptotic bcl-2 family members (17-23). 
Superoxide anions-induced ERK MAPK phosphorylation attenuates cell death, since 
inhibition of ERK1/2 enhances superoxide anions-induced apoptosis, indicating an anti-
apoptotic role of ERK1/2 against apoptosis. However, activation of ERK1/2 is clearly not 
sufficient to prevent menadione-induced apoptosis, since superoxide anions also activate the 
JNK pro-apoptotic pathway, which overrules the protective ERK1/2 pathway, suggesting that 
JNK plays a more determinant and central role in apoptosis.  
Again, there are discrepancies between primary hepatocytes and cell lines, since in our study 
ERK1/2 phosphorylation was only observed at 50µmol/L whereas ERK1/2 phosphorylation 
was observed also at lower menadione concentrations in the RALA cell line (17), indicating 
the importance of using primary hepatocytes to mimic normal hepatocytes and to extrapolate 
to liver diseases.  
Although the NF-κB pathway is involved in protection against cytokine-induced apoptosis in 
primary rat hepatocytes (24, 25), we demonstrate that the NF-κB pathway is not involved in 
the protection against superoxide anions-induced apoptosis in hepatocytes.  
In chapter 3, we demonstrate remarkable differences between different ROS scavengers with 
therapeutic applications. PEG-SOD totally inhibits caspase activation, abolishes apoptosis and 
does not increase necrotic cell death. Indeed, PEG-SOD represents a potential strategy in the 
therapy of liver diseases caused by oxidative stress, as shown in studies in which 
overexpression of superoxide dismutases inhibit apoptosis in alcohol-induced liver injury in 
rats (26, 27). In contrast, nitric oxide blocks superoxide anions-induced apoptosis but 
increases necrotic cell death, switching the balance between apoptotic and necrotic cell death. 
Hence, the metabolism of ROS can switch the balance between apoptotic and necrotic cell 
death. Therefore, future therapeutic strategies, aimed at donating NO to modulate cell death 
and treat liver diseases (28), should take into account the possibility of ROS generation and a 
switch in the mode of cell death in these diseases. Indeed, we demonstrate that it is imperative 
to evaluate the consequences of any intervention in both apoptotic and necrotic cell death.  



Chapter 7 

100  

In support, increasing the concentration of the intracellular antioxidant glutathione attenuates 
superoxide anions-induced apoptosis and vice versa. 
Finally, the anti-apoptotic bile acid tauroursodeoxycholic acid (TUDCA), which inhibits 
apoptosis induced by toxic bile acid (chapter 6), did not attenuate superoxide anions-induced 
apoptosis, indicating that the mechanism of bile acid and superoxide anions-induced apoptosis 
are different.   
Thus, oxidative stress activates both pro- and anti-apoptotic pathways in hepatocytes. Cell 
survival then depends on the balance between pro- and anti-apoptotic pathways. In conditions 
of moderate oxidative stress, the cell will survive. However, under intense oxidative stress 
conditions, pro-apoptotic pathways will prevail and switch the balance to cell death. 
 Knowledge about different ROS involved in liver diseases is needed to specifically interfere 
and treat these disorders using the appropriate therapeutic tools that modulate crucial 
pathways involved in the process and do not change the mode of cell death. 
 
Many studies have demonstrated that HO-1, which decomposes heme into ferrous iron, CO 
and biliverdin, acts an inducible defence against oxidative stress and mediates antioxidant and 
anti-apoptotic effects (29-32). In the liver, HO-1 induction protected against 
ischemia/reperfusion injury (33, 34), endotoxemia (35, 36), inflammation (37), immune 
mediated liver injury (38), endotoxic shock (39) and against CYP2E1-dependent cytotoxicity 
(40). However, the mechanisms by which HO-1 mediates cytoprotection are not elucidated 
yet.  
 
Chapter 4 describes in detail the regulation of HO-1 in vivo and in vitro and the contribution 
CO to the protective effect of HO-1 against apoptosis, indicating the mechanisms involved in 
the process. 
Interestingly, HO-1 was only slightly induced in acute inflammation, induced by endotoxin 
administration, although in this model, NF-κB-regulated genes like iNOS are highly induced 
as previously shown (41). We have observed a similar reciprocal regulation of AP-1 
responsive genes like HO-1 and NF-κB responsive genes like iNOS in intestinal epithelial 
cells (42). However, HO-1 induction was much more pronounced in this model when anti-
oxidants like glutathione were depleted, both in vivo and in vitro. Nevertheless, under these 
circumstances cell death occurs due to the simultaneous excess of ROS and impairment of 
antioxidant defences. These results demonstrate that acute inflammation is not accompanied 
by extensive oxidative stress and consumption of antioxidants.   
It is remarkable that HO-1 expression is not induced by H2O2 in vitro, probably because 
hepatocytes hardly sense this molecule due to the highly efficient H2O2 detoxification 
mechanisms that they posses.  
The fact that both pro-apoptotic and anti-apoptotic bile acids induce HO-1 expression 
represents a novel finding in our study. Whether this is a direct effect or indirect via bile acid-
induced ROS generation remains to be elucidated. 
HO-1 is induced by the superoxide anion-donor menadione, although this does not prevent 
apoptosis in hepatocytes, likely because HO-1 induction is not high and/or rapid enough. 
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However, overexpression of HO-1, using the adenovirus Ad5HO-1, 15hrs before the addition 
of menadione leads to protection against oxidative stress-induced apoptosis.  
We demonstrate that CO exerts a protective role against superoxide anions-induced apoptosis. 
Indeed, CO is a potent inhibitor of caspase activation, PARP cleavage and apoptosis in 
primary hepatocytes. CO has been shown to be protective in other studies (31, 43, 44). In 
contrast, a pro-apoptotic effect of CO has been also described (45, 46). These data suggest 
that CO may regulate apoptosis and cytotoxicity in a cell-specific manner. CO inhibits 
caspase-9 activation, suggesting that CO prevents disruption of mitochondria and subsequent 
apoptosis. It has been shown that CO blocks mitochondrial cytochrome c release (44, 47), 
although the mechanism remains unknown. 
We have shown that CO prevents JNK-phosphorylation and its pro-apoptotic activity, 
indicating that the protective effect of CO against superoxide anions-induced apoptosis is at 
least in part via inhibition of JNK activation. Many studies have described an effect of JNK 
on the mitochondrial death pathway and activation of pro-apoptotic bcl-2 family members 
(17-23). 
Furthermore, we show that CO differentially modulates pro- and anti-apoptotic MAPK 
pathways. CO prevents JNK-phosphorylation and its pro-apoptotic activity. In addition, CO 
induces ERK1/2 MAPK-phosphorylation and its anti-apoptotic activity, which further 
increases the protection against superoxide anions-induced apoptosis.   
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Figure 1. Schematic overview of the protective mechanisms of carbon monoxide against superoxide anions-
induced apoptosis in primary hepatocytes. 
 

In addition, we have shown that the protective effect of CO against superoxide anions-
induced apoptosis is not mediated by soluble guanylate cyclase (sGC), p38 or the NF-κB 
pathway in primary hepatocytes as suggested by other studies (44) (48). It has also been 
reported that CO mediates protection against CYP2E1-dependent cytotoxicity via inhibition 
of CYP2E1 activity (40). Collectively, these data indicate that CO can exert anti-apoptotic 
effects via different mechanisms depending on the cell type and stimulus. 
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Biliverdin, the other product of HO-1, is also protective against oxidative stress-induced 
injury, in part due to its anti-oxidant properties (49). A cooperative protective effect of 
biliverdin and carbon monoxide has been shown in immune-mediated liver injury in mice 
(38).  
Finally, we prove that CO indeed protects hepatocytes exposed to oxidative stress and does 
not switch apoptotic into necrotic cell death. Thus, modulation of HO-1 expression, or the 
levels of its product CO, may become an important therapeutic target in liver disorders caused 
by exposure to excessive oxidative stress.  
 
In chapter 5 of this thesis, we described a novel approach, using metformin, to prevent 
superoxide anions-induced apoptosis in hepatocytes and we introduce the mechanisms 
involved in this process. 
Since oxidative stress and insulin resistance are important in the pathogenesis of NAFLD (50, 
51) and the pathophysiology of diabetes complications (52-59), and  since metformin, an 
insulin sensitizing agent used in type 2 diabetes, has been shown to be hepatoprotective in 
many models including NAFLD (60) and NASH (61), we examined whether metformin has a 
protective effect against oxidative stress-induced apoptosis in primary rat hepatocytes.  
 
We report a protective effect of metformin against superoxide anions-induced caspase-9, -6 
and -3 activation, PARP cleavage and apoptosis in primary hepatocytes. Metformin-induced 
inhibition of caspase-9 suggests that metformin prevents disruption of mitochondria and 
subsequent apoptosis (14-16). In endothelial cells, it has been shown that metformin blocks 
the mitochondrial permeability transition and cytochrome c release induced by high glucose-
derived oxidative stress in endothelial cells (62). 
In support, we demonstrate that metformin reduces JNK-phosphorylation and its pro-
apoptotic activity, which includes the mitochondrial death pathway activation and 
phosphorylation of pro-apoptotic bcl-2 family members.  
JNK has been described as a crucial mediator in insulin resistance and a critical element in the 
pathogenesis of fatty liver disease and type 2 diabetes (63, 64). JNK activity has been 
reported to be highly elevated in diabetes, due to the presence of inflammation (TNF-α), free 
fatty acids and oxidative stress, all features associated with diabetes and obesity. JNK can 
directly phosphorylate insulin receptor substrate (IRS)-1 inducing defects in insulin signalling 
and consequently insulin resistance (65). Thus, it has been reported that JNK-deficient obese 
mice are protected against insulin resistance and defective insulin receptor signalling (64). In 
addition, the presence of a dominant-negative JNK isoform in the livers of obese mice results 
in increased insulin sensitivity and glucose homeostasis. Furthermore, exogenous expression 
of JNK in adult liver results in insulin resistance in mice (66). Metformin-induced inhibition 
of JNK phosphorylation could be related to its well-known properties as an insulin sensitizing 
agent.  
However, in our study, experiments were performed in the absence of insulin. Therefore, it is 
unlikely that the protective effect of metformin is related to early events in insulin signal 
transduction. Nevertheless, it cannot be excluded that metformin interferes in down-stream 
steps of insulin signal transduction, e.g. inhibition of JNK activation. 
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Our result correlates with a previous study in vivo, in which basal protein expression of JNK 
was reduced after metformin treatment in Wistar rats (67). In contrast, exposure to metformin 
for more than 24hrs induces JNK phosphorylation that leads to apoptosis (68). Additional 
experiments are needed to further delineate the mechanisms of action of metformin. 
In addition, we document that metformin further increases menadione-induced HO-1 
expression, which is known to be protective against superoxide anions-induced apoptosis, 
suggesting that HO-1 contributes to the anti-apoptotic effect of metformin. Remarkably, 
metformin alone does not induce HO-1 expression in primary hepatocytes.  
We provide evidence that metformin indeed protects hepatocytes exposed to oxidative stress 
and does not switch apoptotic into necrotic cell death. 
 
In this study, we propose interesting and novel mechanisms involved in the protective effect 
of metformin against superoxide anions-induced apoptosis. However, we do not exclude the 
possibility that the protective effect of metformin is also partially mediated by other survival 
pathways, such as ERK1/2 or p38 MAPK, c-Src, AMPK, PI3K/Akt or mTOR (mammalian 
target of rapamycin). Metformin-induced AMPK activation has been well documented, 
including in primary rat hepatocytes (69). A recent study demonstrates that metformin 
reduces apoptosis induced by high-glucose in an AMPK-dependent manner in endothelial 
cells (70). In contrast, it has also been suggested that metformin promotes Bax translocation 
to the mitochondria via AMPK and p38 activation, thus enhancing apoptosis (71). 
Finally, we demonstrate that total glutathione content is not modulated by metformin, 
suggesting that GSH is not involved in the protective effect of metformin against superoxide 
anions-induced apoptosis. However, it should be taken into account that in our study we did 
not make a distinction between reduced and oxidized GSH. Additional studies are required to 
investigate whether the ratio of reduced to oxidized GSH increased due to the presence of 
metformin.  
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Figure 2. Schematic overview of the protective mechanisms of metformin against superoxide anions-induced 
apoptosis in primary hepatocytes. 
 

For the first time, a study demonstrates that HO-1 induction and JNK inhibition are at least in 
part involved in the protective effect of metformin against oxidative stress-induced apoptosis. 
Due to the central role of JNK in the pathogenesis of oxidative stress-mediated diseases, 
including diabetes and most chronic liver diseases, modulation of JNK activity represents a 
promising and attractive target for the treatment of these disorders. 
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In chapter 6, we have shown that exposure to glycochenodeoxycholic acid (GCDCA) 
induces apoptosis in hepatocytes in vitro. However, not all bile acids are toxic to the cells. We 
have demonstrated that neither the taurine-conjugated bile acid chenodeoxycholic acid 
(TCDCA) nor the taurine-conjugated ursodeoxycholic acid (TUDCA) induce apoptosis in 
hepatocytes. Instead TUDCA, but not TCDCA, prevents GCDCA-induced apoptosis. 
Unconjugated UDCA is used as a treatment of patients with chronic liver diseases, therefore, 
we investigated the mechanism involved in TUDCA anti-apoptotic properties. In rats, UDCA 
is conjugated predominantly to taurine (TUDCA) rather than to glycine (GUDCA), therefore 
in our study, we have used TUDCA. In addition, TUDCA treatment of patients suffering from 
primary biliary cirrhosis may even be more beneficial than UDCA treatment, which can not 
be fully explained by reconjugation to GUDCA (72). 
We have shown that one to three hours preincubation with TUDCA is protective against 
GCDCA-induced apoptosis, and TUDCA can be added one hour after GCDCA without losing 
its antiapoptotic properties, suggesting that a competitive effect of TUDCA for GCDCA-
uptake by Ntcp on the cell membrane is not likely. 
Finally, we can not exclude a direct effect of TUDCA on the mitochondrial membrane. It has 
been reported that TUDCA inhibits binding of pro-apoptotoic Bax to the mitochondria (73). 
Additionally, TUDCA prevents permeabilization of the mitochondrial membrane, suggesting 
that TUDCA has an important role in the stabilization of the mitochondrial membrane during 
bile acid-induced apoptosis. 
 
Conclusions 
Knowledge about the cellular mechanisms controlling death of liver cells is of clinical and 
scientific relevance to identify targets for the development of novel therapeutics to treat liver 
diseases. This thesis describes the mechanisms of oxidative stress induced cell death in 
hepatocytes, showing that different reactive oxygen species induce distinct modes of cell 
death and the possibility to switch the balance between apoptosis and necrosis. In addition, we 
have identified new strategies to prevent apoptotic cell death in hepatocytes. Overall, we can 
conclude that JNK plays an important role in hepatocyte apoptosis, and should therefore be 
considered a potential target to interfere with cell death and to treat liver disorders. In 
addition, it is important to determine the exact contribution of various ROS species to liver 
injury, since preventing cell death will depend on the species of ROS involved. 
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