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Summary

  The liver is continuously exposed to a large antigenic load that includes pathogens, toxins, tumor 
cells and dietary antigens. Amongst the hepatitis viruses, only hepatitis B virus (HBV) and hepati-
tis C virus (HCV) cause chronic hepatitis, which can progress to cirrhosis and hepatocellular car-
cinoma. Of the different antiviral defense systems employed by the tissue, apoptosis signifi cantly 
contributes to the prevention of viral replication, dissemination, and persistence. Loss of tolerance 
to the liver autoantigens may result in autoimmune hepatitis (AIH). This review outlines the re-
cent fi ndings that highlight the role and mechanisms of apoptotic processes in the course of liv-
er diseases. Among factors that contribute to liver pathology, we discuss the role of tumor necrosis 
factor (TNF)-a, HBx, ds-PKR, TRAIL, FasL, and IL-1a. Since TNF and FasL-induced hepatocyte 
apoptosis is implicated in a wide range of liver diseases, including viral hepatitis, alcoholic hepati-
tis, ischemia/reperfusion liver injury, and fulminant hepatic failure, these items will be discussed 
in greater detail in this review. We also highlight some recent discoveries that pave the way for the 
development of new therapeutic strategies by protecting hepatocytes (for example by employing 
Bcl-2, Bcl-XL or A1/Bfl -1, IAPs, or synthetic caspase inhibitors), or by the induction of apoptosis in 
stellate cells. The assessment of the severity of liver disease, as well as monitoring of patients with 
chronic liver disease, remains a major challenge in clinical hepatology practice. Therefore, a sepa-
rate chapter is devoted to a novel cytochrome c – based method useful for the diagnosis and mon-
itoring of fulminant hepatitis.

 key words: apoptosis • cirrhosis • cytochrome c • death receptors • hepatitis • 
mitochondrial death pathway

 Abbreviations:  CIDE – cell death-inducing DFF45-like effector protein; HBX – Hepatitis B X protein; HCV-NS2 – hepatitis 
C virus non-structural protein 2; IAP – inhibitor of apoptosis protein; MMP – mitochondrial membrane 
permeabilization; MPT – mitochondrial permeability transition; tBid – truncated BH3-interacting domain death 
agonist; TNF – tumor necrosis factor-a; TNFR – TNF receptor; VDAC – voltage-dependent anion channel

 Full-text PDF: http://www.medscimonit.com/fulltxt.php?IDMAN=7697

 Word count: 4889
 Tables: —
 Figures: —
 References: 112

 Author’s address: Saeid Ghavami, PhD, Manitoba Institute of Cell Biology, ON6009-675 McDermot Ave., University of Manitoba, 
Winnipeg, MB, R3E 0V9, Canada

Received: 2005.06.20
Accepted: 2005.08.11
Published: 2005.11.01

RA337

Review Article
WWW.MEDSCIMONIT.COM© Med Sci Monit, 2005; 11(11): RA337-345

PMID: 16258409

RA

Current Contents/Clinical Medicine • SCI Expanded • ISI Alerting System • Index Medicus/MEDLINE • EMBASE/Excerpta Medica • Chemical Abstracts • Index Copernicus



BACKGROUND

The liver is exposed to many potentially harmful agents that, 
under normal conditions, do not damage the liver cells due 
to the protective mechanisms and the large repair capacity 
of hepatocytes. However, acute or chronic exposure to in-
sults such as cytokines, reactive oxygen species and bile ac-
ids results in dissipated liver function. Both cell prolifera-
tion and apoptosis are required for proper development of 
the biliary tree and parenchyma of the liver [1].

During acute and chronic liver diseases, hepatocytes are ex-
posed to increased levels of cytokines like tumour necrosis 
factor-a (TNF)-a, interleukin-1a (IL-1a) and interferon-g 
(IFN-g), oxidative stress and bile acids [2]. Although hepa-
tocytes have an abundant capacity to defend themselves 
against these agents, excessive exposure will lead to cell 
death. Hepatic cell death occurs in both acute and chronic 
liver diseases. Therefore deep insight into the cellular mech-
anisms leading to cell death is of utmost importance in un-
derstanding the pathophysiology of liver diseases.

Based on the morphology and biochemical changes, cell 
death can be divided into at least into two different proc-
esses: necrosis and apoptosis, although intermediate forms 
of cell death also occur. However, characteristic features 
of both necrotic and apoptotic cell death can occur in the 
same tissue and even in the same cell concomitantly [3]. 
Necrosis results from metabolic disruption in parallel with 
energy depletion (loss of ATP), mitochondrial and cellu-
lar swelling and activation of enzymes that degrade cellular 
structures. This leads to cell lysis, followed by the discharg-
ing of cell constituents into the surrounding microenvi-
ronment. Therefore necrosis is accompanied by infl amma-
tion because of immune system effector cell recruitment. 
In contrast, apoptotic cell death is ATP-dependent, and in 
comparison with necrosis, does not stimulate an immune 
response [4]. Apoptosis is characterized by DNA conden-
sation, nuclear fragmentation, plasma membrane blebbing 
and cell shrinkage. Eventually, the apoptotic cell breaks 
into small membrane-surrounded fragments (apoptotic 
bodies) that are cleared by scavenging macrophages and 
neighbor cells [5,6]. All these events are strictly controlled 
and well organized. Both apoptosis and necrosis almost al-
ways occur together in intact organisms; however, the rela-
tive contribution of the different modes of cell death may 
vary [7]. Apoptosis can be induced by a vide variety of in-
ternal and external insults, including deregulation of cel-
lular metabolic pathways, cytokines, viruses, and anticancer 
drugs [8–14]. Apoptotic cell death has been reported in liv-
er diseases, in particular acute liver injury [15], and also in 
chronic liver diseases, although the actual signifi cance of 
apoptotic cell death in chronic liver diseases remains to be 
determined [16].

Apoptosis contributes to the elimination of damaged, mutat-
ed, aged, or virally infected cells [17–19]. Apoptosis may be 
initiated by the extrinsic pathway, in which death receptors 
expressed on the cell surface trigger the receptor-proximal 
activation of adapter molecules and caspases and later the 
dissipation of mitochondrial membrane permeabilization 
[6,20]. When apoptosis is triggered by the intrinsic path-
way, death signals act directly on mitochondria leading to 
mitochondrial membrane permeabilization before caspas-

es are activated [21]. The permeabilization of mitochondri-
al membranes leads to the release of pro-apoptotic factors, 
some of which can activate caspases, a family of proteins that 
serve as a cellular demolition system [22–24], whereas others 
can activate caspase-independent death pathways [25–27]. 
Mitochondrial membrane permeabilization is tightly regu-
lated by proteins from the Bcl-2 family, which inhibit or pro-
mote mitochondrial membrane permeabilization, depend-
ing on whether they belong to the pro- or anti-apoptotic 
branch of the family, respectively [28]. Mitochondrial mem-
brane permeabilization thus frequently marks the point-of-
no return of the apoptotic process, the point beyond which 
cells succumb to death [29]. The intrinsic or mitochondri-
al pathway is activated by a variety of extra- and intracellu-
lar stressors, including hypoxic conditions and treatment 
with cytotoxic drugs [19,30].

APOPTOSIS IN LIVER DISEASE

Apoptotic cell death of hepatocytes emerges as a fundamen-
tal component of virtually all acute and chronic liver dis-
eases. The liver tissue repair, infl ammation, regeneration, 
and fi brosis may all be triggered by apoptosis [2,31,32]. Of 
these processes, hepatic fi brosis has the potential to be the 
most deleterious, as progressive fi brosis can culminate into 
cirrhosis with portal hypertension and chronic liver failure. 
An increasing body of evidence from both experimental 
and clinical studies suggests that hepatocyte apoptosis may 
contribute to liver fi brogenesis [33]. For instance, in ani-
mal models of cholestasis, attenuation of hepatocyte apop-
tosis also reduces fi brogenesis [34]. Engulfment of apoptot-
ic bodies by hepatic stellate cells stimulates the fi brogenic 
activity of these cells and may be one mechanism by which 
hepatocyte apoptosis promotes fi brosis [34]. Hepatocyte 
apoptosis can be induced through the death receptor-de-
pendent pathway (extrinsic pathway) or the mitochondrial-
dependent pathway (intrinsic pathway). The death receptor-
dependent pathway is initiated in the liver by death ligands 
like TNF, Fas ligand (FasL, CD95L), and tumor necrosis 
factor-related apoptosis-inducing ligand (TRAIL), follow-
ing their binding to their relevant death receptors. Among 
them, TNF and Fas ligand are being considered as the ma-
jor players and thus they have been extensively studied. 
Death receptors are expressed on the surface of hepato-
cytes, perhaps because of evolutionary pressure to facilitate 
the elimination of cells infected with hepatotropic viruses. 
In contrast, mitochondrial pathway is triggered by a variety 
of intracellular stressors such as DNA damage, growth fac-
tor deprivation, metabolic disturbances, detachment from 
matrix and/or surrounding cells. These two pathways are 
not mutually exclusive in hepatocytes, but are closely inter-
linked as the mitochondrial pathway is often required to am-
plify the relatively weak death receptor-induced apoptotic 
signal in all cells including hepatocytes [35].

THE ROLE OF TNF IN LIVER DISEASES

TNF is a pleiotropic pro-infl ammatory cytokine produced 
largely by activated macrophages and in smaller amounts 
by several other types of cells. It exerts a variety of effects 
that are mediated by TNF-receptor 1 and 2 (TNFR-I and 
TNFR-II). The apoptotic effects are only mediated by 
TNFR-I, whereas TNFR-II may serve to potentiate the ef-
fects of TNFR-I in promoting cell death or promoting in-
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fl ammation [36]. TNF was originally identifi ed as an anti-
tumor agent that induced necrotic cell death in sarcomas. 
However, attempts to use it for systemic anti-cancer treat-
ment have failed due to the appearance of severe side ef-
fects [36]. One side effect is the hepatotoxicity due to the 
massive induction of apoptosis in hepatocytes. Subsequent 
studies have shown that TNF plays a role in viral hepatitis, 
alcoholic hepatitis, ischemia/reperfusion liver injury, and 
fulminant hepatic failure [37]. Serum levels of TNF are 
signifi cantly increased in patients with fulminant hepatitis 
[37]. In viral hepatitis, elevated levels of plasma TNF and 
TNF-receptors are frequently observed [38].

MULTIPLE APOPTOTIC PATHWAYS INDUCED BY TNF 
IN HEPATOCYTES

TNF initiates apoptosis in hepatocytes by activating different 
pathways, whose subsequent activation leads to liver injury. 
As discussed above, the main apoptotic effects of TNF are 
mediated by TNFR-I. There are three functional domains 
within TNFR-I to transduce unique intracellular signals by 
interacting with different intracellular adaptor proteins 
[39]. They are the C-terminal death domain, the middle 
A-SMase (acidic sphingomyelinase) activating domain and 
the N-terminal N-SMase (neutral sphingomyelinase) acti-
vating domains. The death domain can mediate both the 
pro-apoptotic and anti-apoptotic pathways, while the other 
two sphingomyelinases pathways mainly modulate apoptot-
ic and infl ammatory responses [36]. These pathways have 
been identifi ed to be important for TNF-induced apoptosis 
and liver injury, with the mitochondria acting as the central 
executioner for TNF-induced hepatocyte apoptosis.

THE ACTIVATION OF THE MITOCHONDRIAL APOPTOTIC 
PATHWAY BY TNF

Following the TNFR-I ligation, the TRADD adaptor mole-
cule is recruited by the death domain to form the fi rst pro-
tein complex (Complex I), which also includes TRAF2 [40]. 
This complex then dissociates from TNFR-I and forms a dif-
ferent complex in the cytosol (called Complex II). Complex 
II includes FADD, c-FLIP, cIAP1/2, TRAF2 and caspase-8 
[40]. However, in hepatocytes, the caspase-8 complex seems 
rather weak in its activity, which needs to be further ampli-
fi ed through the mitochondrial pathway [41]. The latter is 
regulated by the Bcl-2 family proteins [35]. The anti-apop-
totic Bcl-2 family proteins, such as Bcl-2 and Bcl-XL, inhib-
it the mitochondrial death pathway, whereas pro-apoptot-
ic Bcl-2 family proteins, such as Bid, Bax and Bak, promote 
it [25]. Caspase-8 can cleave Bid, a BH3-domain only Bcl-2 
family protein, to form an active fragment, tBid. tBid then 
causes mitochondrial cristae reorganization [42] or interacts 
with either Bax or Bak for the release of the mitochondrial 
apoptotic factors, such as cytochrome c, AIF, OMI/HtrA2, 
and Smac/Diablo. Notably, the mitochondrial permeabil-
ity transition (MPT), an important regulatory mechanism 
for cytochrome c release, is also induced by TNF in hepa-
tocytes with a strong dependence on Bid [43,44]. The MPT 
occurs due to the opening of MPT pores, which are high-
ly conductive to solutes with a molecular weight up to ap-
proximately 1.5 kDa [45]. As a consequence, mitochon-
dria depolarize and the MPT can contribute to the release 
of apoptogenic proteins from the intermembrane space. 
Furthermore, activation of MPT can also lead to the gen-

eration of reactive oxygen species [46], which may in turn 
further enhance the MPT [45]. Suppression of MPT with 
cyclosporin A alone or in conjunction with its enhancer, tri-
fl uoperazine or aristolochic acid could lead to reduction 
of TNF-induced cytochrome c release, caspase activation 
and hepatocytes apoptosis [28]. More recently, it was dem-
onstrated in a rat model that cyclosporin A prevented the 
hepatotoxic effects of TNF by blocking the mitochondrial 
pro-apoptotic pathway through inhibition of the MPT [47]. 
These fi ndings on the TNF-induced mitochondria apoptot-
ic pathway may provide a viable strategy for the treatment 
of liver diseases that depend on the increased production 
of TNF. Following cytochrome c release, a high molecular 
weight complex consisting of Apaf1, cytochrome c and cas-
pase-9 is formed [48,49], which in turn activates a major ex-
ecution caspase, caspase-3. Moreover, released Smac/Diablo 
binds to XIAP and relieves its inhibitory effect on caspase-
9 and caspase-3, which therefore allow the full activation 
of caspase-9 or caspase-3 [50]. The above fi ndings may ex-
plain why the mitochondrial pathway or Bid is important for 
TNF-induced apoptosis in hepatocytes. In addition, a Bid-
independent mechanism(s) is (are) also present.

ROLE OF FAS IN NORMAL LIVER

In humans and rats, senescent hepatocytes are eliminated 
via apoptosis in the acinar zone 3 of the liver [51]. However, 
the mechanisms of hepatocyte apoptosis under normal con-
ditions were unknown for some time. Recently, Adachi et 
al. [52] generated a Fas-knockout mouse strain. In addition 
to a massive production of lymphocytes, the Fas-null mice 
showed substantial liver hyperplasia, which was accompa-
nied by the enlargement of nuclei in hepatocytes. Apoptosis 
defects caused by mutations of Fas have also been found in 
a rare human autoimmune lymphoproliferative syndrome 
(ALPS) [53]. Children with ALPS are characterized by mas-
sive non-malignant lymphadenopathy, hepatosplenomega-
ly, autoimmunity and the presence of increased numbers of 
circulating and tissue TCR-ab, CD4– CD8– T cells.

ROLE OF FAS-LIGAND IN LIVER DISEASES

Cytotoxic T lymphocytes (CTLs) are involved in the immune 
clearance of hepatitis C virus (HCV) [54], or hepatitis B vi-
rus (HBV), infected hepatocytes and in the pathogenesis 
of these chronic viral liver diseases [55]. Short-term assays 
have shown that perforin and Fas ligand (FasL) are the only 
molecules involved in the T-cell- mediated cytodestructive 
effect [56]. As a result, attention has been focused on the 
clinical signifi cance of Fas-mediated apoptosis in chronic 
hepatitis B and C. Fas is activated through oligomerization 
upon binding of FasL or the agonistic anti-Fas antibody. 
This causes formation of the death-inducing signaling com-
plex (DISC), and the activation of downstream death sig-
nal pathway, the caspase cascade becomes activated [57]. 
Fas is ubiquitously expressed in various organs, including 
the thymus, liver, heart and kidney [58].

Hepatocellular carcinoma

Abundant cytoplasmic Fas expression has been detected in 
most HCC (hepatocellular carcinoma) cell lines, but only 
a few express Fas on their surface and tend to be sensitive 
to Fas stimulation [59]. Fas expression has also been exam-
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ined in HCC specimens, where Fas staining was found to 
be less frequent and weaker in HCC tissues than in the cor-
responding non-cancerous tissues [60]. Furthermore, the 
majority of non-cancerous specimens expressed Fas both 
on the surface and in the cytoplasm, whereas most HCCs 
expressed Fas only in the cytoplasm. The number of apop-
totic cells was higher in Fas-expressing tissues than in Fas-
negative tissues. Among Fas expressing tissues, the extent of 
apoptosis was greater in surface Fas-expressing tissues than 
in those expressing only cytoplasmic Fas. Thus, the devel-
opment of apoptosis in HCC tissues seems to be related not 
only to Fas expression but also to its location.

Anticancer drugs

Bleomycin, a chemotherapeutic drug, is known to induce 
transient accumulation of nuclear wild-type (wt) p53, which 
up-regulates the expression of cell surface Fas [61]. Thus, 
the sensitivity towards Fas mediated apoptosis was increased 
in wt p53-positive hepatoma cells after treatment with bleo-
mycin. The same applies to other anticancer drugs, such as 
cisplatin and methotrexate. Therefore, bleomycin induced 
apoptosis is mediated, at least in part, by p53-dependent 
stimulation of the Fas system.

Alcoholic liver disease

Low constitutive levels of Fas expression, as in normal hepa-
tocytes, have been observed in hepatocytes of alcoholic cir-
rhosis patients [62]. However, the hepatocytes of these pa-
tients displayed a high expression of FasL mRNA. Thus, 
death of Fas- and FasL-expressing hepatocytes might occur 
by paracrine or autocrine mechanisms. Elevation of both 
sFas and sFasL levels in serum was observed in acute alco-
holic hepatitis and alcoholic cirrhosis [63] and might mod-
ulate hepatocyte apoptosis.

Wilson’s disease

This disease can result in fulminant liver failure as a result 
of hepatic copper overload. In liver sections from Wilson’s 
disease patients with fulminant liver failure, hepatocyte ap-
optosis was observed, characterized by an acidophilic cyto-
plasm, condensed chromatin and the typical rounded cell 
shape [64]. Furthermore, in these patients, Fas expression 
on hepatocyte cell membranes was heterogenously detect-
ed, and high levels of FasL transcripts were observed in ar-
eas with ongoing liver damage.

APOPTOSIS AND AUTOIMMUNE LIVER DISEASE

Autoimmune hepatitis and primary biliary cirrhosis (PBC) 
are two distinct autoimmune liver diseases. Autoimmune 
hepatitis is characterized by the presence of anti-nuclear an-
tibodies or anti-LKM (Liver Kidney Microsome) antibodies 
and immune-mediated destruction of hepatocytes. In con-
trast patients with PBC generate anti-mitochondrial antibod-
ies and initially develop immune-mediated interlobular bile 
duct damage. The underlying etiology of each disease re-
mains unclear, but the mode of cell death in each disease 
is primarily apoptosis, presumably mediated by surround-
ing cytotoxic lymphocytes. Fox and colleagues noted that 
both FasL and granzyme B levels were increased in AIH, 
whereas only granzyme B expression was increased above 

control levels in PBC [65]. Others have not previously ob-
served such a difference. Harada and colleagues showed that 
Fas expression was up regulated in damaged bile ducts of 
PBC [66]. FasL and Fas expression were increased on sur-
rounding cytotoxic lymphocytes and CD68 positive cells. 
The development of cholestasis in PBC, as well as other 
cholangiopathies, may promote apoptosis induced by tox-
ic hydrophobic bile salts such as glycodeoxycholate [67]. 
In contrast, ursodeoxycholate, a hydrophilic bile salt used 
in the treatment of PBC, reduces the number of TUNEL 
positive biliary duct endothelial cells (BDEC) [68]. The 
anti-mitochondrial antibodies seen in patients with PBC 
are highly specifi c to PBC even though the mitochondrial 
autoantigens are ubiquitously expressed. Interestingly, au-
toantibodies from patients with PBC recognize the major 
PBC autoantigen in apoptotic BDEC, though not in other 
apoptotic cell types [69]. Addition of a sulfhydryl reducing 
agent to non-BDEC apoptotic lysates or overexpression of 
Bcl-2 in non-BDEC prior to apoptosis restored or preserved 
autoantigen recognition. Other studies have similarly im-
plicated apoptotic cells as sources of immunogenic forms 
of self-antigens in susceptible individuals [70,71]. Dalekos 
et al. demonstrated for the fi rst time that in the apoptot-
ic process, macrophage activation and the production of 
cytokine suppressors of haematopoiesis in bone marrow 
mononuclear cell from AIH-1 and PBC patients are higher 
than compared to controls. The Fas-FasL pathway is likely 
to be involved in the apoptotic process; the increased lev-
els of selected cytokines may contribute to Fas-FasL stim-
ulation. Cirrhosis appears unlikely to be the cause of the 
pathophysiologic changes described above [72].

LIVER APOPTOSIS IN VIRAL HEPATITIS B AND C

Viruses target the central parts of the proapoptotic sig-
nal transduction and execution machinery (see above and 
[73]). Examples of proteins that subvert pro-apoptotic sig-
nals include viral proteins that block TNF-activated signal-
ing pathways [74] and viral proteins that inhibit ds-PKR (a 
protein kinase that is activated by double-stranded RNA). 
The ds-PKR can initiate apoptosis in virus-infected cells, vi-
ral proteins that inhibit p53 (a transcription factor that is of-
ten rate-limiting for DNA damage-induced apoptosis) [75], 
and viral proteins that inhibit caspases [73,76].

HEPATITIS B VIRUS (HBV) X PROTEIN

HBV is one of the leading causes of chronic liver disease 
and infection is often associated with hepatocarcinogenesis 
[77,78]. The X protein of HBV (HBx) is a potent transac-
tivator essential for virus replication and shows oncogenic 
properties in animal models [77,78]. HBx sensitizes hepa-
tocytes to apoptosis induced by different stimuli such TNF 
and TRAIL [79]. HBx is a basic protein that localizes to mi-
tochondria, and its overexpression induces a perinuclear mi-
tochondrial distribution coupled to Dym loss [80]. Studies 
with mutant proteins reveal a MTS (mitochondria targeting 
sequence) in which hydrophobic residues are important for 
mitochondrial localization, Dym (mitochondrial transmem-
brane potential) dissipation and cell death, independent of 
the transactivating function of HBx [81]. Moreover, PT in-
hibitors, antioxidants and the anti-apoptotic proteins Bcl-
2 and Bcl-XL are able to protect HBx expressing cells from 
death. HBx reportedly interacts with at least two mitochon-
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drial proteins, namely heat shock protein 60 (Hsp60) [82] 
and the VDAC (voltage dependent anion channel) isoform 
VDAC3 [81]. It is unknown whether these interactions occur 
simultaneously. However, this possibility appears improba-
ble because VDAC3 is confi ned to the outer mitochondri-
al membrane and Hsp60 is mostly located in the matrix. 
Interestingly, VDAC3 overexpression, mitochondrial dys-
function and changes in mitochondrial morphology have 
been associated with chronic liver disease and carcinogen-
esis [24], suggesting a pathogenic role for HBx.

HEPATITIS C VIRUS (HCV): THE NS2-PARADIGM

HCV is a RNA virus. Its RNA encodes for a polyprotein 
that is cleaved into the different structural and non-struc-
tural (NS) proteins [83]. HCV-NS2 is a 23-kDa hydropho-
bic transmembrane protein. It is localized in the endoplas-
mic reticulum and its function is not clearly defi ned. NS2 
is able to bind and protect from CIDE-B-induced apoptosis. 
The overexpression of CIDE (cell death-inducing DFF45-like 
effector) proteins leads to apoptosis in many different cell 
lines [84]. CIDEs are localized to mitochondria and form 
homodimers and heterodimers with other members of the 
family [85,86]. Interestingly, their death-inducing activity is 
blocked by the overexpression of DFF-45. The C-terminal 
region of CIDE proteins is responsible for mitochondrial 
localization. NS2 from HCV interacts with CIDE-B, block-
ing cytochrome c release from mitochondria and cell death 
triggering [86]. The interaction between NS2 and CIDE-B 
involves the C-terminus of CIDE-B, which is responsible for 
dimerization, as well as a four-amino acid stretch in the NS2 
protein. Double staining of NS2 and CIDE-B revealed par-
tial overlapping signals in the perinuclear region suggest-
ing that the NS2-CIDE-B complex may regulate apoptosis 
at the mitochondrial level [85]. Moreover, only those NS2 
mutants that bind to CIDE-B are able to block cytochrome 
c release and the downstream events leading to the activa-
tion of apoptosis executioners [85].

DEVELOPMENT OF NOVEL TREATMENTS FOR LIVER DISEASES

The strict regulation of apoptotic cell death and survival 
pathways allows the development of therapeutic interven-
tion strategies. Hepatocytes and stellate cells contain differ-
ent protective mechanisms against cytotoxic cytokines, bile 
acids and reactive oxygen intermediates. Stellate cells may 
proliferate in response to these factors [87]. Thus, both 
prevention of cell death in hepatocytes and induction of 
apoptosis in activated stellate cells may constitute relevant 
therapeutic strategies. Below we highlight some of these 
strategies in greater detail.

Hepatocyte-directed therapy

In acute liver injury, inhibition of apoptosis of hepatocytes 
may be benefi cial. Targets for anti-apoptotic interventions 
include caspases, through endogenous or exogenous cas-
pase inhibitors, and preservation of mitochondrial integri-
ty via anti-apoptotic Bcl-2 family members. Anti-infl amma-
tory agents are often considered to decrease liver damage 
during acute liver injury; however, whether this strategy is 
suitable for all pathological conditions remains to be seen. 
For example, anti-TNF therapy in bacterial infection-in-
duced acute liver disease prevented liver injury, but result-

ed in decreased bacterial clearance and decreased overall 
survival [88]. Some anti-infl ammatory strategies may atten-
uate cytokine production and NF-kB activation and thus 
sensitize hepatocytes to apoptosis [89]. Patients who suffer 
from cholestatic liver injury are often treated with ursode-
oxycholic acid, a bile acid, which normally constitutes 3% 
of total human bile acids. This substance, which was origi-
nally obtained from black bear liver, has long been used in 
Chinese traditional medicine for the treatment of liver dis-
eases [90]. Recently, it has been demonstrated that the tau-
rine conjugate of ursodeoxycholic acid protects against bile-
acid induced apoptosis via direct effect on the mitochondrial 
membrane and via the activation of survival pathways such 
as mitogen-activated protein kinases (MAPKs) [87].

Therapeutic targeting of stellate cells

Acute and chronic liver injury may induce repair mecha-
nisms, which lead to the excessive deposition of scar matrix 
(liver fi brosis) leading to liver cirrhosis. This is a process in 
which activated stellate cells are the central players. Induction 
of apoptotic cell death may be a promising therapeutic ap-
proach because it has recently been shown that apoptosis of 
activated stellate cells decreases liver fi brosis [91].

A therapeutic gene could be selectively targeted to the ac-
tivated stellate cells using cell-surface markers specifi c for 
activated stellate cells, e.g. the platelet-derived growth fac-
tor (PDGF) receptor-b [92]. Target genes in stellate cells 
include the NF-kB, since NF-kB protects activated stellate 
cells against apoptotic cell death. Activation of NF-kB re-
quires the phosphorylation of IkBa. Therefore specifi c de-
livery of an NF-kB super-repressor (a phosphorylation-re-
sistant mutant form of IkBa) to the activated stellate cells 
may decrease the number of activated stellate cells and 
hence fi brosis [93].

Anti-apoptotic Bcl-2-family genes as a promising strategy 
for liver therapy

Anti-apoptotic Bcl-2 family members like Bcl-2, Bcl-XL or A1/Bfl -1 
prevent the activation of the mitochondrial/apoptosome 
death pathway, which is activated in hepatocytes by many 
noxious stimuli. Among the members of the Bcl-2 family, 
A1/Bfl -1, an NF-kB-regulated gene, appears to be impor-
tant for hepatocyte survival. It blocks hepatocyte cell death 
by inhibiting the mitochondrial/apoptosome death path-
way and thus the activation of the caspase cascade [89]. The 
protoplast of the Bcl-2 family, Bcl-2 itself, is not expressed 
in hepatocytes. During chronic liver injury, the expression 
of Bcl-2 is induced only in cholangiocytes. This implies that 
Bcl-2 cannot be involved in the protection of hepatocytes 
against bile-acid-induced liver injury. Although Bcl-2 trans-
genic hepatocytes are protected against Fas-induced apop-
tosis [94], it is not clear whether overexpression of Bcl-2 
in hepatocytes will prevent necrotic cell damage resulting 
from chronic liver injury [95].

Caspases and their inhibitors

Besides the Bcl-2 family, caspase inhibitors, such as IAP family 
members, may protect against apoptotic cell death by inter-
rupting the caspase cascade. Overexpression of the human 
homologue of cIAP2 did protect hepatocytes against apopto-
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sis in vitro [46]. IAP family members selectively inhibit caspas-
es-3 and -9. Their activity can be blocked by Smac/DIABLO 
and Omi/HtrA2. Therefore, the delicate balance between 
the relative cytosolic concentrations of active caspases-3, -8, 
and -9 and Smac/DIABLO, OMI/HtrA2 compared with IAP 
family members determine cell fate [96].

Depending on the type of injury, inhibition of certain caspas-
es is a relevant strategy. Bajt et al. [97] have shown that, al-
though inhibition of caspase-3 by a peptide-inhibitor inhibits 
LPS/GalN (d-galactosamine)- mediated apoptosis, caspase-8 
inhibition is more benefi cial. Furthermore, adenovirus cod-
ing for dominantnegative FADD prevented TNF/GalN-in-
duced hepatocyte apoptosis [98]. These studies imply that, 
in TNF-induced apoptosis, the therapeutic intervention in 
the apoptotic cascade should be at the level of caspase-8. 
In this respect, therapy aimed at increasing the expression 
of c-FLIP (cellular FLICE, FADD-like IL-1b-converting en-
zyme inhibitory protein), the endogenous inhibitor of cas-
pase-8, deserves further attention.

METHODS TO INVESTIGATE LIVER APOPTOSIS

The methods presently used to evaluate apoptosis have some 
intrinsic limitations. The terminal deoxynucleotidyl trans-
ferase–mediated deoxyuridine triphosphate nick-end labe-
ling (TUNEL) method is particularly sensitive to fi xation 
conditions and requires highly standardized procedures. 
Differentiation of apoptosis from necrosis is not complete 
[99], and it is not easy to defi ne the cellular origin of some 
nuclear reactivity, especially considering that apoptotic bod-
ies are quickly removed by Kupffer cells, which themselves 
may die by apoptosis.

The classic morphologic method (H&E staining), which 
permits the identifi cation of the terminal stage of hepato-
cellular apoptosis corresponding to the Councilman bod-
ies, is used rarely for quantifi cation purposes owing to the 
low number of appreciable events.

Many putative markers of apoptosis are under study, includ-
ing enzymatic activities and neoepitopes unmasked during 
the apoptotic process. Among them, caspase family enzymes 
and cytoskeleton neoepitopes, originated as a consequence 
of caspase activity (for example fragments of actin and cytok-
eratins 18 and 19) seem particularly promising. Caspase-gen-
erated epitopes are favored by researchers because the various 
stimuli activating the apoptotic process, ultimately converge 
on the caspase system, leading to their activation [100].

One of these neoepitopes (the cleavage site on cytokeratin 
18 of caspase 6), identifi ed by a monoclonal antibody (M30), 
has been proposed as an apoptosis marker and was validated 
in vitro [101] and in vivo on trophoblast tissue in human pla-
centa [102], endometrium [103], colon [104], and salivary 
glands [105]. In human liver, preliminary data have been 
published on primary biliary cirrhosis [106], nonalcoholic 
steatohepatitis [107], and hepatitis C [107]. No data is avail-
able for the sensitivity of this marker on paraffi n-embedded 
sections compared with cryopreserved samples. Quantitative 
data on chronic hepatitis reported by Kronenberger et al. 
[108] using paraffi n-embedded sections are apparently 10- 
to 20-fold higher than those reported by Susca et al. [107] 
using frozen sections. Moreover, the reported morpholog-

ic pattern of positivity is quite different: a coarse, granular, 
cytoplasmic positivity usually confi ned to a small portion 
of the cytoplasm in the paraffi n-embedded sections, and a 
mainly diffuse, cytoplasmic, powder-like staining obtained 
on frozen sections [107], respectively.

SERUM CYTOCHROME C LEVEL AS A NEW MARKER FOR 
ACUTE LIVER DAMAGE

It has been reported recently that cytochrome c is not only re-
leased from mitochondria upon apoptosis induction, but fur-
thermore, it can leave the apoptotic cell and thus can be de-
tected in the extracellular fl uid as an apoptosis-specifi c marker 
[46,109]. Increased cytochrome c levels have also been found 
in the serum of cancer patients, and its elevated level frequently 
correlated with the induction of chemotherapy [48,110].

Interestingly, an elevated cytochrome c level has also been 
observed by patients suffering from acute hepatitis. A strong 
correlation between the clinical symptoms of an acute liver 
damage and serum cytochrome c level has been described 
[111,112]. The serum cytochrome c level seemed to parallel 
the severity of hepatic coma [111]. In patients suffering from 
fulminant hepatitis, the serum cytochrome c level signifi cantly 
correlated to serum hepatocyte growth factor, aspartate ami-
notransferase (AST), lactic dehydrogenase (LDH), and alka-
line phosphatase (ALP), while it was negatively correlated to 
serum alpha-fetoprotein (AFP), and total bilirubin [111,112]. 
Immunohistochemical study of liver tissues obtained after 
transplantation indicated TdT mediated dUTP nick end-la-
beling (TUNEL)-positive cells in the livers of patients with 
fulminant hepatitis. These results suggest serum cytochrome 
c as a new marker for acute liver failure [111].

EPILOGUE

The liver is one of the largest organs in the body. Among 
other functions it serves as an interface that processes ab-
sorbed nutrients into chemicals that are nontoxic for the 
organism and can safely be utilized by other tissues and 
organs. It also plays an important role as a neutralizer of 
exo- and endotoxins. Thus, the organism cannot function 
without an intact liver for a prolonged time. Therefore, 
beside liver transplantation, several pharmacological ap-
proaches are under development that either target path-
ologic processes in the liver, focus on the protection of 
hepatocytes from noxious agents or attempt to block de-
structive infl ammatory processes in the liver. New and old 
enzymatic and biochemical markers add to the vast arse-
nal of indicators that allow clinicians to evaluate the status 
of this important organ without invasive diagnostic proce-
dures. With the increase of our understanding of the path-
ologic processes in the liver, and as our knowledge about 
diseases-induced changes in liver transcriptome and pro-
teome advances, new drugs and new treatment modali-
ties for acute and chronic liver disease will likely emerge 
in the near future.
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