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Abstract
Pathological increases in cell death in the liver as well as in peripheral tissues has emerged as an
important mechanism involved in the development and progression of nonalcoholic fatty liver
disease (NAFLD). An increase in hepatocyte cell death by apoptosis is typically present in patients
with NAFLD and in experimental models of steatohepatitis, while an increase in adipocyte cell
death in visceral adipose tissue may be an important mechanism triggering insulin resistance and
hepatic steatosis. The two fundamental pathways of apoptosis, the extrinsic (death receptor-
mediated) and intrinsic (organelle-initiated) pathways, are both involved. This article summarizes
the current knowledge related to the distinct molecular and biochemical pathways of cell death
involved in NAFLD pathogenesis. In particular, it will highlight the efforts for the development of
both novel diagnostic and therapeutic strategies based on this knowledge.

Keywords
apoptosis; caspase inhibitor; cell death; cytokeratin 18; fibrosis; nonalcoholic fatty liver disease;
nonalcoholic steatohepatitis

Nonalcoholic fatty liver disease (NAFLD) is the most common form of chronic liver disease
in both children and adults in the USA [1,2]. NAFLD is a clinicopathological syndrome
including a wide spectrum of liver damage, ranging from hepatic steatosis, to nonalcoholic
steatohepatitis (NASH), to cirrhosis [3]. NASH represents a more severe form of NAFLD,
characterized by steatosis along with inflammation and hepatocellular damage in patients
with no history of significant alcohol consumption [4]. Over the last decade there has been a
growing understanding of the role of cell death and the specific molecular pathways that
trigger apoptosis in the pathogenesis of NASH and disease progression, which has allowed
the targeting of these pathways in the development of both novel therapeutic and diagnostic
strategies for this disease.
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Molecular mechanisms of apoptosis
Apoptosis is a highly organized and genetically controlled form of cell death. During
apoptosis, cells are fragmented into small membrane-bound apoptotic bodies that contain
cleaved DNA and proteolytic fragments (Figure 1). The apoptotic bodies are subsequently
cleared by phagocytosis. Apoptosis may be executed by two fundamental pathways (Figure
2) [5,6]: the extrinsic pathway is mediated by death receptors on the cellular surface and the
intrinsic pathway is organelle-based.

The extrinsic pathway is initiated by death receptors, including Fas, TNF receptor (R)1 and
TNF-related apoptosis-inducing ligand (TRAIL) receptors. When engaged by their natural
ligands, these receptors trigger intracellular cascades that activate death-inducing proteolytic
enzymes, especially caspases.

In the intrinsic pathway, apoptosis can be initiated by several intracellular organelles. In
fact, mitochondrial dysfunction, lysosomal permeabilization, endoplasmic reticulum (ER)
stress and nuclear DNA damage can all trigger apoptosis (Table 1). In liver cells,
mitochondrial dysfunction plays a critical role by amplifying the apoptotic signal and
integrating both pathways into a final common pathway. Mitochondrial dysfunction results
in the release of several proapoptotic proteins into the cytosol, including cytochrome c,
which then forms an activation complex with apoptotic-protein activation factor-1 (Apaf-1)
and caspase 9, known as the apoptosome. This complex activates the downstream effector
caspases 3, 6 and 7, which execute the final apoptotic changes [7]. The mitochondrial events
are regulated by the Bcl-2 family of proteins, which comprises at least 20 members with
various degree of homology within four conserved regions (BH1–4 domains) [8,9]. The
family can be divided into three subclasses: the first includes the antiapoptotic proteins
Bcl-2, Bcl-xL and Mcl-1, which localize predominantly at the mitochondria. The second and
third subclasses include only proapoptotic proteins: the multi-domain Bax-like proteins,
such as Bax and Bak, and the BH3-only proteins, such as Bid, Bad, Bim, Noxa and PUMA.
Bax resides in the cytoplasm in healthy cells; however, following an apoptotic stimulus, it
can integrate into the outer mitochondrial membrane, causing membrane permeabilization
[10,11]. The BH3-only protein Bid provides crosstalk between the extrinsic and intrinsic
pathways. Indeed, activated caspase 8 (by death receptor engagement) cleaves the cytosolic
protein Bid to a truncated active fragment, tBid, which translocates to mitochondria and
induces cytochrome c release [12].

Lysosomes are also an important source of proapoptotic signaling. Selective lysosomal
permeabilization appears to augment death receptor-mediated apoptosis. Cathepsin B, a
lysosomal protease, is released from lysosomes during TNF-α signaling, which leads to
mitochondrial dysfunction and the release of cytochrome c [13,14]. TRAIL cytotoxicity is
associated with lysosomal permeabilization and the redistribution of cathepsin B from
lysosomes into the cytosol [15,16]. Lysosomal extracts can also cleave Bid into its active
form [17].

Another important organelle in which proapoptotic signals may also originate is the ER,
which plays a central role in the synthesis, folding and trafficking of proteins [18]. ER
stress, initiated by protein overload or misfolding, leads to an adaptive response known as
the unfolded protein response (UPR), which dampen the stress [19]. If the cell fails to adapt,
alarm pathways are activated, including JNK, which results in apoptosis [20].

Hepatocyte apoptosis in chronic liver injury
Apoptosis has evolved as an important, if not critical, mechanism contributing to the
progression of many human liver diseases [21–26]. The ensuing responses of cell repair, inf
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lammation, regeneration and fibrosis may all be triggered by apoptosis of adjacent cells [23].
Of these processes, hepatic fibrosis has the potential to be the most deleterious, as
progressive fibrosis may result in cirrhosis and end-stage liver disease [27,28]. Experimental
studies suggest that uncontrolled hepatocyte apoptosis may be a central mechanism,
triggering liver fibrogenesis and fibrosis [29]. For instance, attenuation of hepatocyte
apoptosis also reduces fibrogenesis in animal models of cholestasis [30–32], while
hepatocyte-specific genetic disruption of the antiapoptotic member of the Bcl-2 family Bcl-
xL results in hepatocyte apoptosis and liver fibrotic responses [33]. This latter model is
highly illustrative because it directly demonstrates that hepatocyte apoptosis is
profibrogenic. Engulfment of apoptotic bodies by hepatic stellate cells (HSCs) stimulates the
fibrogenic activity of these cells and this may be, at least in part, through the induction of the
activation of reduced nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2), the
phagocytic NADPH oxidase, in HSCs [34,35]. Recent data also demonstrated that DNA
from apoptotic hepatocytes acts as an important mediator of HSC activation and
differentiation [36]. Activated stellate cells also secrete matrix metalloproteinases (MMPs),
which play a significant role in hepatic fibrogenesis and can mediate the release of cell-
bound TNF-α into the circulation, which in turn can induce and activate other MMPs in a
feed-forward damage response [37]. In fact, inhibition of MMPs reduced liver injury,
hepatocyte apoptosis and fibrosis in two mice models of liver disease [38,39].

Hepatocyte apoptosis in NAFLD
Lipotoxicity as a key trigger of apoptosis

During NAFLD development, while the majority of lipids are stored in the form of
triglycerides (TGs), several other lipid metabolites, such as free fatty acids (FFAs),
cholesterol, sphingolipids and phospholipids, may also accumulate. Considerable data now
indicate that TG accumulation is not harmful to hepatocytes per se and, in fact, may
represent a protective mechanism against lipotoxicity [40,41]. Studies from our laboratory,
as well as others, have demonstrated that saturated fatty acids (SFAs), as well as free
cholesterol, are key mediators of lipotoxicity by triggering specific signaling pathways
resulting in apoptotic cell death [42,43]. FFAs cross the hepatocyte membrane passively and
actively via fatty acid transport proteins (FATPs). Recently, Bechmann et al. demonstrated
that the FATP CD36/fatty acid translocase was upregulated in patients with NASH, in
association with serum FFA and mediators of apoptosis [44]. The role and relevance of
FATPs in the pathogenesis of NASH deserves further elucidation in future studies.

The extrinsic pathway
Fas & Fas ligand: Fas is a glycosylated protein that is widely expressed in the liver [45]
and its activation by Fas ligand (FasL) leads to receptor trimerization and the formation of
the death-inducing signaling complex (DISC) [46]. The DISC contains a Fas-associated
protein with death domain (FADD). FADD is required for the recruitment and activation of
caspase 8, which can activate executioner caspases (caspases 3, 6 and 7), either directly
(type 1 pathway) or indirectly via mitochondrial involvement (type 2 pathway) as in
hepatocytes [47,48].

We reported that Fas protein expression is increased in liver samples from NASH patients
[49]. By performing semiquantitative analyses we demonstrated that Fas immunostaining
was significantly higher in NASH patients compared with patients with simple steatosis and
normal controls. In a subsequent study we demonstrated an increased sensitivity to Fas-
mediated hepatocyte apoptosis in a dietary model of NAFLD induced by feeding mice with
a high carbohydrate diet, which recapitulates many of the cardinal features of human
NAFLD, including obesity, insulin resistance, hyperleptinemia, elevated serum FFA and
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hepatic steatosis [50]. Moreover, exposure of human liver cells to FFA resulted in
upregulation of Fas expression and increased sensitivity to Fas-mediated apoptosis. The
precise mechanism by which FFA promotes Fas generation remains unknown and will
require further investigation. A recent report demonstrated that the hepatocyte growth factor
receptor Met associates directly with Fas in normal liver tissues, preventing Fas activation
[51]. Fas sequestration by Met is abrogated in both human and experimental NAFLD,
resulting in increased Fas–FasL complex formation and apoptosis.

TNF-R1 & TNF-α: Tumor necrosis factor α is a pleiotropic proinflammatory cytokine
produced mainly by activated macrophages. TNF-α can signal through two different
receptors: TNF-R1 and TNF-R2 [52]. TNF-R1, the best studied of these receptors, can
induce both proapoptotic and prosurvival signaling. Upon stimulation by TNF-α, TNF-R1
engages TNF receptor-associated protein with death domain (TRADD), receptor interacting
protein 1 (RIP1) and TNF receptor-associated factor 2 (TRAF2) to form the so-called
complex I [53]. This complex internalizes and binds to FADD, resulting in caspase 8
activation and cell death. TNF-α/TNF-R1 can also induce JNK activation, which can
contribute to cell death.

In normal liver TNF-R1 expression is low, but TNF-R1 expression increases in various liver
diseases. An increase in both TNF-α and TNF-R1 mRNA levels in the liver of NASH
patients has been reported [54]. This increase of TNF-α mRNA was higher in patients with a
more advanced stage of fibrosis. Consistent with these results, another group reported an
increased protein expression of TNF-R1 in liver specimens from NASH patients [55]. In
addition, Hui and colleagues demonstrated an increase in serum levels of TNF-α in NASH
patients [56]. Experimental studies have also provided strong evidence for a role of the
TNF-α–TNF-R1 system in the pathogenesis of NAFLD. Li et al. demonstrated that
treatment with antibodies to TNF-α attenuated liver injury in a mice model of NAFLD [57].
In addition, we demonstrated that TNF-R1 knockout mice are protected against diet-induced
steatosis and liver injury [58]. We also demonstrated that lysosomal destabilization by FFA
promotes hepatic lipotoxicity by releasing cathepsin B into the cytosol and by stimulating
TNF-α expression via a NF-κB-dependent pathway [58]. TNF-α may also further promote
lysosomal destabilization, resulting in a feed-forward, self-perpetuating pathway, further
accentuating liver injury.

An intriguing study by Mari and colleagues found that free cholesterol loading sensitized
hepatocytes to TNF-α and Fas-induced apoptosis and steatohepatitis development [59]. In
rats fed a hypercholesterolemic diet, TNF-α induced the release of cytochrome c, caspase 3
activation and reactive oxygen species (ROS) generation. Mitochondrial glutathione was
found to be selectively depleted. The authors proposed a critical role for mitochondrial free
cholesterol loading in precipitating steatohepatitis by sensitizing hepatocytes to TNF-α and
Fas through mitochondrial glutathione depletion.

TRAIL-R2/DR5 & TRAIL: Of the five known TRAIL receptors, only TRAIL-R1/DR4
and TRAIL-R2/DR5 contain a death domain and can initiate apoptosis [60]. The signaling
pathways for TRAIL largely overlap with Fas signaling, with the formation of DISC and
activation of caspase 8.

TRAIL is known to induce apoptosis in a variety of transformed cells while sparing normal
cells [61]. A recent study by Malhi and colleagues demonstrated that FFA sensitized normal
hepatocytes to TRAIL-mediated apoptosis [62]. Oleic acid treatment led to upregulation of
TRAIL-R2/DR5 but not TRAIL-R1/DR4 and this upregulation was JNK dependent.
Furthermore, enhanced DR5 expression was observed in liver biopsy samples from patients
with NASH [55].
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The intrinsic pathway
Mitochondria: Impaired mitochondrial function is a central abnormality responsible for the
progression from hepatic steatosis to steatohepatitis. Studies in experimental models of
NAFLD, as well as in humans with NAFLD, have demonstrated that liver cells have both
structural and functional mitochondrial abnormalities [63,64]. Structural abnormalities
include mitochondrial enlargement and development of crystalline inclusions, whereas
functional mitochondrial abnormalities are characterized by enhanced production of ROS,
accumulation of lipid peroxides and release of cytochrome c into the cytoplasm [63,65].

However, the molecular mechanisms responsible for the mitochondrial dysfunction
remained poorly understood until recently. We recently demonstrated that incubation of
human and murine hepatocytes with FFA results in a dose- and saturation- dependent
mitochondrial dysfunction [58]. The SFA palmitate, at concentrations that mimic the levels
of this FFA present in the circulation of humans with the metabolic syndrome, induced
significant mitochondrial membrane permeabilization and increased ROS production.
Recent studies from the Gregory J Gores laboratory have implicated different proteins from
the Bcl-2 family in FFA-induced hepatocyte apoptosis. They demonstrated that SFAs induce
JNK-dependent hepatocyte lipoapoptosis by activating the proapoptotic proteins Bim and
Bax, which trigger the mitochondrial apoptotic pathway [66]. Hepatocyte apoptosis was
abrogated by siRNA-targeted knockdown of Bim. Bim mRNA expression is regulated by
the transcription factor FoxO3a. In a subsequent study, they observed activation of FoxO3a,
its nuclear translocation and binding to the Bim promoter following treatment of hepatocytes
with FFA [67]. Furthermore, siRNA-targeted knockdown of FoxO3a abrogated the increase
in Bim and cell death by saturated FFA. The same group demonstrated that the SFA
palmitate, but not the monounsaturated fatty acid oleate, induced a JNK1-dependent PUMA
expression in primary murine hepatocytes, which led to Bax activation and apoptosis by
palmitate [68]. Their data demonstrated that PUMA expression was upregulated and JNK
was activated in patients with NASH compared with patients with hepatic steatosis. Finally,
a recent study revealed that the antiapoptotic protein Mcl-1 was rapidly degraded in liver
cells in response to the SFAs palmitate and stearate by a proteasome-dependent pathway
[69]. The inhibition of Mcl-1 degradation attenuated hepatocyte apoptosis by SFAs.

Lysosomes: Accumulating evidence suggests a central role of lysosomes in both necrotic
and apoptotic cell death. In both instances, lysosomal permeabilization appears to be an
early event that precedes other features characteristic of the cell death processes [70].
Lysosomal permeabilization results in the release of lysosomal proteases into the cytosol.
The lysosomal cysteine proteases, also called cathepsins, represent the largest group of
proteolytic enzymes in the lysosomes, with cathepsin B, D and L being the most abundant
[70]. All three cathepsins are active at the neutral pH of the cytosol [71]. Cathepsin B, which
is one of the most stable proteases at physiologic pH, has been demonstrated to be essential
in different models of liver injury, including bile acid-induced hepatocyte apoptosis, TNF-α-
induced liver damage, and ischemia– reperfusion injury in steatotic livers [14,72–76]. The
release of lysosomal enzymes may set off a cascade of events culminating in cell death. A
possible mechanism is the direct cleavage and activation of caspases. Indeed, cathepsin B
may activate caspase 2 in vitro, while cathepsin L may indirectly activate procaspase 3.
However, a growing body of evidence suggests that lysosomal proteases induce cell death
by acting directly or indirectly on mitochondria to induce mitochondrial dysfunction [76,77].

Reactive oxygen species generated following mitochondrial damage, and other possible
factors of mitochondria origin, could also feedback to the lysosome, resulting in further
lysosomal breakdown and cell damage [77]. We initially reported that cathepsin B is
released into the cytosol in response to FFA in vitro, and that the redistribution of cathepsin
B into the cytoplasm is present in human liver tissue from patients with NAFLD [78]. More
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recently we extended these observations by demonstrating that during FFA treatment of
liver cells, lysosomal permeabilization and release of cathepsin B into the cytosol is an early
event that occurs hours prior to mitochondrial depolarization and cytochrome c
redistribution into the cytosol [79]. More importantly, cathepsin B silencing by siRNA, or
chemical inhibition by two different selective pharmacological inhibitors, significantly
prevented FFA-induced mitochondrial dysfunction, proving cathepsin B is essential for
FFA-induced mitochondrial dysfunction. Supporting these results are the in vivo studies
demonstrating that cathepsin B knockout mice are protected against diet-induced
mitochondrial dysfunction, increased oxidative stress and liver damage. Taken together,
these data strongly suggest a central role for the lysosomal–mitochondrial axis in NAFLD
progression.

Endoplasmic reticulum: The potential role of ER stress responses in NAFLD development
has received a great deal of interest recently. The ER is a subcellular organelle where the
vast majority of secreted and membrane proteins are folded. A variety of cellular
perturbations can lead to the accumulation of unfolded proteins [80]. These proteins tend to
form aggregates that activate a compensatory response, termed the UPR. The UPR is a
coordinated response that includes cell cycle arrest, transient attenuation of global protein
synthesis, induction of ER-localized chaperone proteins and folding catalysts, and activation
of ER-associated protein degradation. Failure of the UPR to re-establish ER homeostasis can
lead to apoptotic cell death. Three different ER transmembrane signaling proteins sense the
accumulation of unfolded protein and induce ER stress responses. These proteins are PKR-
like ER kinase (PERK), inositol-requiring enzyme (IRE)-1α and activating transcription
factor 6 (ATF6). PERK can induce the transcription factor C/EBP homologous protein
(CHOP) and IRE-1α activates the JNK pathway [81,82]. Both JNK and CHOP can activate
the proapoptotic protein Bax, leading to mitochondrial dysfunction.

Overaccumulation of SFA may result in ER stress and apoptosis [83,84]. Incubation of a rat
hepatoma cell line with SFA resulted in a significant increase in ER stress response genes,
including CHOP, GADD34 and GRP78, followed by an increase in apoptotic cell death,
which was mitochondrial-dependent. In vivo studies using dietary models of NAFLD that
result in different compositions of hepatic FFA support this concept [85]. Feeding male
Wistar rats either a high saturated fat diet or a high sucrose diet, but not a high
polyunsaturated fat diet, resulted in a significant increase in hepatic SFA, as well as
increased ER stress, caspase-3 activation and liver injury.

Puri and colleagues studied the potential role of ER stress in human NAFLD [86]. They
demonstrated a variable degree of UPR activation in liver biopsies from patients with
NAFLD and NASH, compared with subjects with the metabolic syndrome and normal liver
histology. Human NASH was specifically associated with activation of JNK and failure to
generate splicing X box protein-1 (sXBP-1), a key transcription factor involved in the ER
stress response. Pagliassotti’s laboratory have recently demonstrated that exposure of
hepatocytes to palmitate and stearate reduced ER luminal calcium stores and increased
markers of ER stress, changes that preceded liver cell death [87]. Their data suggested that
redistribution of ER luminal calcium contributes to SFA-mediated ER stress. Interestingly,
co-incubation with oleate prevented the reduction in calcium stores and the induction of ER
stress markers. More recently, Cazanave et al. demonstrated that palmitate can mediate ER
stress to induce CHOP and phosphorylated- c-Jun containing activator protein (AP)-1
complex. This can lead to upregulation of PUMA expression, with subsequent activation of
Bax, mitochondrial dysfunction and, eventually, apoptosis [88].
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Adipocyte apoptosis & hepatic steatosis
Abnormal adipose tissue metabolism has been identified as a critical mechanistic link
between obesity and NAFLD [89,90]. The increased release of FFA from adipose tissue in a
state of insulin resistance characteristic of obesity represents the main source of FFA during
the development of hepatic steatosis in NAFLD [91]. In addition, a state of low-grade
chronic inflammation characterized by macrophage infiltration of adipose tissues, plays a
crucial role in the development of insulin resistance [92–94]. We have recently identified
adipocyte apoptosis as a key initial event that contributes to macrophage infiltration into
adipose tissue, insulin resistance and hepatic steatosis in obese mice and humans [95]. We
found that both the extrinsic and intrinsic pathways were activated in adipose tissue from
obese animals. Furthermore, inhibition of adipocyte apoptosis in Bid knockout mice
protected against macrophage infiltration of adipose tissue and hepatic steatosis. A recent
study demonstrated that selectively deleting Fas from adipose tissue (adipose-specific Fas-
knockout mice) protected from high-fat diet-induced insulin resistance and liver steatosis
[96]. In addition, Fas and FasL were found to be upregulated in the adipose tissue of obese
patients and even more so in obese diabetic patients, which suggests a role for Fas in
obesity-induced insulin resistance.

Development of NASH diagnostics by targeting apoptotic pathways
Cytokeratin 18 fragment levels & other hepatocyte apoptotic markers as noninvasive
biomarkers for NASH

The effector caspases (mainly caspase 3) cleave different substrates inside the cell –
including cytokeratin 18 (CK18), the major intermediate filament protein in the liver –
resulting in the characteristic morphological alterations noted in apoptotic cells. Caspase 3
cleaves CK18 into an N-terminal and a C-terminal at a typical cleavage sequence at Asp
237, and the C-terminal is further cleaved at a second site at Asp 398 [97,98]. These
fragments, but not full-length CK18, can be detected using the monoclonal antibody M30
both in the liver and blood (Figure 3). By using a specific immunoELISA assay, our group
demonstrated that CK18 fragments were strikingly increased in the serum of patients with
NASH compared with patients with simple steatosis and those with normal liver biopsies
[99]. Several groups have assessed the accuracy of CK18 fragments for predicting the
presence of NASH, including one recent study in children [100–106]. The results were
encouraging, with an area under the receiver operating characteristic (ROC) curve between
0.71 and 0.93 (Table 2). The utility of CK18 fragments has been validated in a multicenter
study that demonstrated that for every 50 U/l increase in the plasma level of CK18, the
likelihood of having NASH as opposed to simple steatosis increased by 74% (odds ratio:
1.74; 95% CI: 1.31–2.31) [107]. The CK18 test has several features that fulfill the
requirements for an ideal biomarker for NAFLD, including that the test is simple, easy to
measure and is reproducible. This test identifies the presence of NASH and the risk of
associated fibrosis, and allows the monitoring of disease progression over time. More
recently, we have demonstrated that serum levels of soluble Fas and soluble FasL were
significantly higher in patients with biopsy-proven NASH compared with patients with
simple steatosis (Figure 3) [108]. We generated a prediction model to diagnose NASH,
which included CK18, soluble Fas and age, with an almost perfect area under the ROC
(0.953). A recent Chinese study found that soluble TRAIL concentrations were significantly
higher in the sera of patients with NAFLD than those of controls [109]. However, no
histological data were available to compare these levels between patients with NASH and
simple steatosis.
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Treatment of NASH by targeting apoptotic pathways
Given the potential severe complications of NASH, including cirrhosis, liver failure and
death, it is imperative that medical therapies targeted at halting the progression of NASH
and improving steatosis and inflammation be developed. It is clear from the literature that
weight loss alone is not an adequate longterm solution for the treatment of NAFLD. Thus,
developing a pharmacological therapy to improve NASH is the next step. To date, there are
no US FDA-approved pharmacological therapies to treat NASH. Several studies have been
performed to evaluate potential therapies, with the most promising medications including
insulin sensitizers and antioxidants. Given the key role of apoptosis in the progression of
NAFLD, as outlined in this article, it is a logical progression to target key players in
apoptosis for potential medical therapies for NASH (Table 3).

Targeting of mediators of the intrinsic pathway
There are several mitochondrial-, lysosomal- and ER stressrelated pathways that could
potentially be targeted to attenuate apoptosis. It may be possible to decrease lysosomal
effects by targeting the action of cathepsin B. We have already described the proteolytic
effects of cathepsin B, including the activation of cell signaling pathways ultimately leading
to cell death. In a preclinical study using a mouse model of the effects of NASH,
administration of a cathepsin B inhibitor (R-3020) to mice fed a high-carbohydrate diet led
to decreased lysosomal permeabilization and decreased steatosis and liver injury [37]. Both
genetic and pharmacologic inhibition of cathepsin B decreased hepatocyte apoptosis and
histologic evidence of liver injury in a mouse model of cholestasis [31]. More recently, the
reversible cathepsin B inhibitor VBY-376 demonstrated potent activity in a mouse model of
liver fibrosis. Furthermore, a Phase I study to evaluate the safety and pharmacokinetics of
VBY-376 in humans was conducted and no serious adverse events were observed [110]. Wu
et al. used 18β-glycyrrhetinic acid, a biologically active metabolite of licorice root extract,
and demonstrated that it prevented FFA-induced lipid accumulation and hepatocyte
apoptosis both in vitro in a human liver cell line and in vivo in a rat NAFLD model [111].
The proposed mechanism involved stabilizing the lysosomal membrane, inhibiting cathepsin
B expression and enzyme activity, and reducing mitochondrial cytochrome c release.

Targeting of mediators of the extrinsic pathway
Mediators of the extrinsic pathway are also potential therapeutic targets for patients with
NASH. Blocking the activation of death receptors, such as TNF-R, TRAIL and FADD, and
their associated signaling cascades may lead to decreased inflammation in the presence of
steatosis. There has been active research on components of the TNF-α and TNF-R cascade,
including the evaluation of several TNF-α inhibitors as potential therapies for NASH.
Pentoxifylline, a weak TNF-α inhibitor, has been studied in several open-label trials
[112,113]. Preliminary results did demonstrate improvement in transaminases and liver
histology; however, significant side effects were documented as well, including severe
nausea and other gastrointestinal symptoms. More recently, a double-blind, randomized,
placebo-controlled trial demonstrated the efficacy of pentoxifylline in improving alanine
transaminase (ALT) and histological features of NASH, including hepatocyte apoptosis,
without significant side effects [114]. Etanercept, a TNF-α receptor compound that reduces
TNF-α bioactivity, may also be effective in the treatment of NASH. However, caution must
be taken as a new randomized placebo-controlled trial has demonstrated that etanercept was
associated with a significantly higher mortality rate in patients with moderate-to-severe
alcoholic hepatitis [115]. Future therapies may also target interrupting the Fas–FasL
interaction and formation of the DISC. Zou et al. performed studies utilizing Tyr–Leu–Gly–
Ala (YLGA) peptides, short strands of peptides corresponding to a portion of FasL that bind
readily to Fas. YLGA tetramers were administered to ob/ob mice daily for up to 4 weeks.
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Mice injected with YLGA peptides had significant reductions in hepatic apoptosis, hepatic
inflammation and ALT levels compared with control animals [51].

Targeting effector caspases
Given the key role that caspases play in the intracellular cascade leading to apoptosis,
several groups have developed caspase inhibitors as a means to decrease apoptosis. The
majority of inhibitors that have been developed are pan-caspase inhibitors. The first
pancaspase inhibitor to enter clinical trials was IDN-6556 and it has been studied
extensively [116]. When administered to bile-duct ligated (BDL) mice as a model for
hepatocyte apoptosis and liver fibrosis, apoptosis, bile infarcts, chemokine activation and
serum ALT levels were reduced [30]. Similarly to the other caspase inhibitors described in
this section, IDN-6556 not only inhibits proapoptotic caspases but also proinflammatory
capsases such as caspase 1, which has been involved in the processing and activation of
various proteins with functions in inflammation and tissue repair during tissue damage.
Thus, part of the effects of these drugs may be related to inhibition of this alternative
pathway [117].

The pan-caspase inhibitor VX-166 was used in a mouse model of NASH (genetically obese
male db/db mice fed the methionine– choline-deficient [MCD] diet). VX-166 improved liver
fibrosis; however, it failed to improve ALT levels or the net liver injury, as assessed by the
NAFLD activity score [118]. The mechanism for decreased fibrosis was thought to be
related to the fact that phagocytosis of apoptotic hepatocytes activates HSCs and VX-166
inhibited HSC activation by apoptotic bodies. More recently, Anstee et al. evaluated
VX-166 in mice models of steatosis (high-fat diet) and steatohepatitis (db/db mice on MCD
diet) and demonstrated that VX-166 did not reduce steatosis but reduced histological
inflammation, apoptosis, ALT levels and oxidative stress, particularly in the MCD model
[119].

The use of caspase inhibitors in human liver disease is being explored. A multicenter,
placebo-controlled trial used IDN-6556 in 105 patients with chronic liver diseases, mainly
chronic hepatitis C (n = 80), and few NASH patients (n = 5) [120]. IDN-6556, given for 14
days, significantly lowered aminotransferase activity in both hepatitis C virus and NASH
patients and appeared to be well tolerated. In a follow-up, larger, double-blind, randomized,
placebo-controlled, parallel-dose study using the same compound, now renamed as
PF-03491390, 204 chronic hepatitis C patients were treated with placebo or this compound
orally, twice daily for up to 12 weeks. They demonstrated that PF-03491390 significantly
reduced serum aspartate transaminase (AST) and ALT levels and was well tolerated over the
study period [121]. More recently, the PF-03491390 compound was found to also decrease
liver injury, as well as fibrosis in a murine model of NASH [122]. Another caspase inhibitor,
GS-9450, was evaluated in a Phase II randomized, double- blind, placebo-controlled study
in adult patients with NASH, which was recently completed [201]. In this study, patients (n
= 124, principally male, mean age 45 years, with BMI >30 kg/m2) with biopsy-proven
NASH were randomized to receive 1, 5, 10 or 40 mg GS-9450 or placebo once daily for 4
weeks [123]. After 4 weeks on treatment, patients in the 40-mg treatment group experienced
the greatest reduction in ALT and AST levels. At week 4, linear regression of ALT versus
GS-9450 dose was highly significant (p < 0.0001), with 35% achieving ALT levels within
the normal range (7–56 U/l) compared with 0% at study baseline, and 48% achieving normal
levels of AST (5–40 U/l) compared with 20% at baseline. Placebo treatment showed no
meaningful change for ALT or AST. In addition, the on-treatment measure of CK18
fragments declined in the 10- and 40-mg dose groups (median baseline and week 4 values
were 540 and 445 U/l in the 10-mg group and 562 and 386 U/l in the 40-mg group,
respectively), although no dose-related response was seen. Unfortunately, another study
evaluating this caspase inhibitor in patient with chronic hepatitis C was subsequently
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stopped due to safety concerns. Thus, the future clinical development of this particular
compound is uncertain.

Expert commentary
Nonalcoholic fatty liver disease is threatening to become a major public-health problem in
the USA. In this article, we examined the role of hepatocyte apoptosis in NAFLD
progression from the benign form of simple steatosis to the more aggressive form of NASH.
We provided evidence that both apoptotic pathways are activated in humans with NASH, as
well as animal models of NASH. FasL, TNF-α and TRAIL activate the extrinsic pathways,
whereas mitochondrial dysfunction, lysosomal permeabilization and ER stress activate the
intrinsic pathway. These findings open a new and exciting era in our understanding of why
some patients progress to NASH rapidly and may give us the chance to stop this process by
inhibiting specific molecular pathways involved in hepatocyte apoptosis.

Five-year view
Over the last decade, our understanding of the pathogenesis of NAFLD has increased
exponentially. Hepatocyte apoptosis is at the center of the mechanisms that are responsible
for disease progression to NASH. More recently, the role of adipocyte apoptosis in
metabolic disorders, including insulin resistance and hepatic steatosis, is being elucidated.
The uncovering of apoptotic mechanisms in NAFLD has led to major breakthroughs in
terms of the noninvasive diagnosis of NASH. New therapeutic agents that can modulate
hepatocyte apoptosis are being explored and can provide attractive options to treat patients
with steatohepatitis.
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Key issues

• Apoptosis is a highly organized form of cell death that contributes to liver injury
and fibrosis in many human liver diseases.

• Hepatocyte apoptosis is a key mechanism for disease progression in patients
with nonalcoholic fatty liver disease (NAFLD), the most common chronic liver
disease in the USA.

• Both the extrinsic pathway (mediated by death receptors) and the intrinsic
pathway (organelle-based) of apoptosis are activated in human NAFLD.

• Saturated free fatty acids may induce hepatocyte apoptosis through death
receptors (Fas, TNF receptor 1 and TNF-related apoptosisinducing ligand
[TRAIL]-R2/DR5), the lysosomal-mitochondrial pathway and endoplasmic
reticulum stress.

• Recently, a role for adipocyte apoptosis in insulin resistance and hepatic
steatosis has been suggested. Both pathways of apoptosis were activated in
adipocytes from obese animals and the inhibition of adipocyte apoptosis resulted
in the resolution of hepatic steatosis in these animals.

• Markers of hepatocyte apoptosis in the serum (cytokeratin 18 and soluble Fas)
can be used as noninvasive markers to diagnose nonalcoholic steatohepatitis, the
most severe form of NAFLD.

• Modulating hepatocyte apoptosis has great implications for developing new
therapeutic agents for nonalcoholic steatohepatitis. This can be achieved by
targeting mediators of the extrinsic and intrinsic pathways and by inhibiting the
effector caspases.
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Figure 1.
Hematoxylin and eosin-stained liver tissue showing apoptotic hepatocytes (arrow) in a
patient with nonalcoholic steatohepatitis (magnification ×200).
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Figure 2. Apoptotic pathways in nonalcoholic fatty liver disease
Apoptosis occurs via two molecular pathways, extrinsic and intrinsic. The extrinsic pathway
involves death ligand-induced activation of receptors, resulting in the formation of the death
complex. The intrinsic pathway is activated by cellular stress and mitochondrial dysfunction.
ER stress can induce apoptosis through JNK and CHOP, which activate the proapoptotic
protein Bax, leading to mitochondrial dysfunction. Both apoptotic pathways activate
intracellular proteases, the caspases, that cleave cell components in an organized way. The
engulfment of the resulting apoptotic bodies by Kupffer cells promotes hepatic fibrosis and
inflammation through the activation of stellate cells and the release of cytokines.
CHOP: C/EBP homologous protein; Cyto c: Cytochrome c; ER: Endoplasmic reticulum;
FasL: Fas ligand; PERK: PKR-like ER kinase; TRAIL: TNF-related apoptosis-inducing
ligand.
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Figure 3. Cytokeratin 18 and soluble Fas levels as noninvasive markers for nonalcoholic
steatohepatitis
Caspase 3-generated CK18 fragments are produced during hepatocyte apoptosis and can be
detected using a monoclonal antibody (M30), both in the liver and in blood. The Fas–Fas
ligand complex is a key part of the extrinsic pathway in the hepatocyte apoptotic cascade,
and soluble Fas can be measured in the serum using ELISA.
CK18: Cytokeratin 18.
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Table 1

Key molecules involved in apoptosis during nonalcoholic steatohepatitis development.

Pathway Mediator Role

Extrinsic pathway Death ligands (FasL, TNF-α and TRAIL) Formation of death complexes and activation of initiator caspases

Intrinsic pathway

Mitochondrial Bcl-2, Bcl-xL and Mcl-1 Antiapoptotic

Bax and Bak Proapoptotic

Bid, Bad, Bim, Noxa and PUMA Proapoptotic (Bid mediates the crosstalk between the extrinsic and
intrinsic pathways)

Lysosomal Cathepsin B Lysosomal protease that leads to mitochondrial dysfunction

Endoplasmic reticulum PERK and IRE-1α Induce CHOP and JNK, which activate Bax

CHOP: C/EBP homologous protein; FasL: Fas ligand; IRE-1α: Inositol-requiring enzyme 1α;

PUMA: p53-upregulated modulator of apoptosis; TRAIL: TNF-related apoptosis-inducing ligand.
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Table 3

Treatment of nonalcoholic steatohepatitis targeting apoptotic pathways.

Therapeutic agent Pathway Target Trial Ref.

R-3020 Intrinsic Cathepsin B inhibitor Preclinical [31,42]

VBY-376 Intrinsic Cathepsin B inhibitor Preclinical and Phase I [110]

Pentoxifylline Extrinsic TNF-α inhibitor Phase II RCT [114]

YLGA peptides Extrinsic Fas Preclinical [51]

VX-166 Effector caspases Pan-caspase inhibitor Preclinical [118,119]

IDN-6556 Effector caspases Pan-caspase inhibitor Multicenter, double-blind, placebo-
controlled, dose-ranging

[120]

GS-9450 Effector caspases Inhibitor of caspases 8, 9 and 1 Phase II RCT [201]

PF-03491390 (formerly IDN-6556) Effector caspases Pan-caspase inhibitor Preclinical [122]

RCT: Randomized controlled trial; YLGA: Tyr Leu Gly Ala.
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