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Summary

The liver is constantly exposed to a host of injurious stimuli. This results in
hepatocellular death mainly by apoptosis and necrosis, but also due to autophagy,
necroptosis, pyroptosis and in some cases by an intricately balanced combination
thereof. Overwhelming and continuous cell death in the liver leads to inflammation,
fibrosis, cirrhosis, and eventually hepatocellular carcinoma. While data from various
disease models may suggest a specific (predominant) cell death mode for different
etiologies, the clinical reality is not as clear cut. Reliable and non-invasive cell death
markers are not available in general practice and assessment of cell death mode to
absolute certainty from liver biopsies does not seem feasible, yet. Various etiologies
probably induce different predominant cell death modes within the liver. Although, the
death modes involved may change during disease progression. Moreover, current
methods applicable in patients are limited to surrogate markers for apoptosis (M30), and
possibly for pyroptosis (IL-1 family) and necro(pto)sis (HMGB1). While markers for
some death modes are not available at all (autophagy), others may not be specific for a
cell death mode or might not always definitely indicate dying cells. Physicians need to
take care in asserting the presence of cell death. Still the serum-derived markers are
valuable tools to assess severity of chronic liver diseases. This review gives a short
overview of known hepatocellular cell death modes in various etiologies of chronic liver
disease. Also the limitations of current knowledge in human settings and utilization of

surrogate markers for disease assessment are summarized.
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Introduction

All living cells eventually die. In our current knowledge about cell death, two general
types are observed and have been defined by the Nomenclature Committee on Cell
Death (NCCD): accidental cell death (ACD) due to physicochemical stress and
regulated cell death (RCD), involving distinct pathways and activation of the cellular
machinery leading to specific forms of cell demise. Historically morphological
alterations of cells have been employed to discern different types of cell death. Enlarged
and swollen cells, disruption of membrane integrity, size increase of organelles and

distended albeit intact nucleus, which undergoes karyolysis in later stages, have been

ascribed to necrosis, the currently only entity of ACD. Cell shrinkage, accompanied
with membrane blebbing, and nuclear fragmentation have been associated to apoptosis,
which was the first type of RCD described. By now it is clear that mere morphological
characterization of cell death cannot distinguish all possible variants of cell demise.
Biochemical measurement of regulators, effectors and their specific activity in a given
setting are imperative to characterize cell death. Moreover, recent findings show that on
the one hand RCD modes can be altered by blocking of regulative components leading
to a switch of cell death mode, on the other hand for most types of RCD regulators and
effectors are kept in check by counter-regulatory mechanisms (a schematic overview of
current interaction between more common cell death modes is given in Figure 1). Thus,
even activation of caspase-3, deemed a definite sign for ongoing apoptosis, might not
lead to cell demise in all settings. For the many (seemingly) different RCD modes
observed by now, only few have been studied extensively in clinical settings of liver
diseases. Surrogate markers, detectable in serum have been ascribed to specific cell
death modes, though in some cases that may not be sufficient to even assure cellular
demise at all. This overview aims to summarize current knowledge about occurrence
and contribution of known cell death modalities in various liver diseases. Also evidence
will be critically assessed, if data is sufficient to state that a specific cell death mode

may be predominant in various settings of liver injury.
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Basic concepts of different cell death modalities

Apoptosis

Apoptosis is the most prominent mode of RCD and according to many studies the most
important mechanism of liver cell demise [1-3]. Though, apoptosis does not only occur
after injury or in disease in mature tissues. Apoptosis is also a crucial process during
morphogenesis and development of tissues [4,5]. Morphologic hallmarks of apoptosis
include the presence of rounded cells, chromatin condensation, nuclear fragmentation,
plasma membrane blebbing, and formation of apoptotic bodies containing organelles
and cytoplasm [6,7]. Biochemical indicators of apoptosis are mitochondrial outer
membrane permeabilization (MOMP), phosphatidylserine exposure, and the activation
of caspases, a family of cysteine-dependent specific proteases [8]. It is important to
highlight that morphological classification of cell death should be considered with
caution. Particular morphological patterns of cell demise may be observed during
biochemically different cell death modes [8,9]. Therefore, biochemical classification of
cell death is preferable to morphological assessment, although single biochemical
readouts are not sufficient to define a type of cell demise [8,9]. Apoptosis is sub-

categorized into extrinsic apoptosis and intrinsic apoptosis [8].

Extrinsic apoptosis refers to apoptosis induced by the activation of death cell receptors,
by interaction of extra-cellular stress signals [10—13] (Figure 2). Known death ligands
and receptors are: i) FAS/CD95 ligand, which is bound by the receptor FAS/CD9S; ii)
TNF-o0 and TNF-related apoptosis inducing ligand (TRAIL), which are bound by TNF-
a-receptor 1 (TNFR1), and TRAIL 1-2 receptors, respectively. Death receptors are
transmembrane receptors and ligand binding outside the cell leads to conformational

change and/or dimerization of the intracellular cell death domain (DD) [14]. This
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conserved sequence enables not only dimerization or multimerization of receptors but
also recruitment of different proteins. Depending on the involved receptor among
recruited factors are receptor-interacting protein kinase 1 (RIP1), Fas associated protein
with a DD (FADD), c-FLIP (FADD-like IL-beta converting enzyme (FLICE) inhibitor
protein), cellular inhibitors of apoptotic proteins (cIAPs), and procaspase-8 [15,16].
TNFR1-like receptors also require recruitment of TNFR associated DD (TRADD). The
generated multiprotein complex is called the death inducing signal complex (DISC),
and regulates the activation of initiator caspases 8 and 10 [17]. c-FLIP and cIAPs act as
pro-survival factors by inhibiting caspases [18-20]. Once caspase 8 and 10 are
activated, they cleave the effector caspases 3, 6 and 7, which finally lead to cell demise.
Extrinsic apoptosis can be suppressed by the use of pancaspase inhibitors, for example

Z-VAD-fimk [21].

In parenchymal liver cells, generally considered type II cells, extrinsic cell death is
induced by MOMP. Cleavage of BH3-interacting domain death agonist (BID) by
caspase 8 generates truncated (t-)BID. t-BID interacts with BAX and BAK (pro-
apoptotic BCL-2 protein family members; see also table 1) to form mitochondrion-
permeabilizing pores [22-25], leading to release of cytochrome ¢, SMAC-DIABLO,
endonuclease G (ENDOG), and apoptosis-inducing factor (AIF) [26,27]. In hepatocytes,
the release of cytochrome ¢ promotes formation of the apoptosome and subsequent
activation of the effector caspases 3, 6 and 7. Although hepatocytes generally require
MOMP to amplify extrinsic apoptosis signaling they are also able to undergo apoptosis
in a mitochondrion-independent manner, given a sufficiently strong extrinsic signal

[28]. An overview of different extrinsic apoptosis mechanisms is given in Figure 2.
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Intrinsic apoptosis can be triggered by a wide variety of intracellular stress stimuli
including but not limited to DNA damage, oxidative stress, cytosolic Ca™" overload, and
ER (endoplasmic reticulum) stress. Intrinsic apoptosis is regulated by BCL-2 family
members [29,30]. All described stressors converge in a mitochondria-dependent control
mechanism [31], where pro-apoptotic and anti-apoptotic signals are integrated, leading
to MOMP, when pro-apoptotic signals predominate [31-33]. As described above,
MOMP results in mitochondrial dysfunction due to a block of ATP generation, loss of
mitochondrial trans-membrane potential, generation of reactive oxygen species (ROS),
and the release of mitochondrial inter-membrane space proteins into the cytosol with

subsequent assembly of the apoptosome [31,34].

There is also crosstalk between c-Jun N-terminal kinase (JNK) signaling and apoptosis.

In response to TNFR1 signaling or to ROS JNK plays a key role in death signaling

cascades triggered by TNFa and other toxins [35], including free fatty acids-induced

hepatocyte lipoapoptosis [36]. Sustained ER stress is also able to trigger a mitochondrial

pathway of apoptosis, which involves the stress sensor inositol-requiring enzyme 1.

apoptosis signal-regulating kinase 1, and downstream activation of JNK [37]. Finally it

has been shown that JNK can phosphorylate specific Bcl-2 proteins and induce MOMP,

seemingly independent of classic cell death signals for apoptosis [38.39] Though, the

initiation of cell death due to JNK can also occur in a necrotic type, possibly with

mutual activation of RIP3 (see below) [40.41], complicating interpretation of JNK

activation in cell death.

Necrotic cell death

In contrast to apoptosis (as process of tissue homeostasis and remodeling) necrosis

implies a pathological condition, in particular for acute and massive hepatic injury
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[1,42,43]. Morphological changes observed in necrosis include formation of vacuoles,

karyorrhexis (which also occurs during apoptosis), and karyolysis [8]. Historically,

necrosis was seen as unregulated process, where cells undergo lysis due to severe

physicochemical stress [44]. While this type of ACD can occur, current findings have

identified mechanisms regulating the process of necrosis [44—46]. Three possible types

of regulated necrosis have been identified, yet, which seem to converge on

mitochondrial damage and loss of inner membrane integrity of mitochondria:

- Mitochondrial permeability transition pore (MPTP) related regulated necrosis:

- Necroptosis, induced by extracellular signals during inhibition of caspases:

- PARP-dependent regulated necrosis.

Current knowledge on necrosis and regulative molecular mechanisms have been

excellently summarized by Karch and Molkentin [44]. In the following only the core

concepts of regulated necrosis and necroptosis are outlined.

Regulated necrosis

Necrosis is characterized by loss of mitochondrial integrity, loss of ATP, and a stop in
the ATP-dependent ion pumps leading to swelling and cell rupture. The uncontrolled
release of intracellular components, e.g. high-mobility-group-protein Bl (HMGBI1) and
HDGF, leads to an inflammatory response by the immune system [42,47].

Mitochondrial permeability transition pore (MPTP), regulated by cyclophilin D, induces

loss of phosphorylative oxidation, generation of ROS, and depletion of ATP [48].

Assembly of the MPTP occurs under conditions of calcium overload and increased ROS

within mitochondria, as is the case in ischemia/reperfusion injury [49]. Opening of the

MPTP results in ATP consumption rather than production by mitochondria [49]. ATP
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depletion is a key biochemical event and cause of necrosis [31,50]. Depleted ATP-

reserves block execution of apoptosis, which could occur since MPTP formation

subsequently leads to MOMP and release of factors causing apoptosome assembly [51].

It was observed that Bax and Bak are necessary for MPTP-mediated necrosis and that

mitochondria from mice deficient in Bax and Bak or cyclophilin D are resistant to

MPTP [51-53].

Upon mitochondrial damage AIF and ENDOG are released and translocate into the

nucleus, where DNA fragmentation is induced [54-56]. Release of mitochondria-

derived endonucleases seems to occur as consequence of apoptotic as well as regulated

necrotic cell demise [57-59]. A prominent example for DNA fragmentation by

endonucleasis is acetaminophen toxicity [60]. Results from murine models demonstrate

RIPK1-dependent but RIPK3-independent, non-necroptotic cell death [61-63]. Though,

these findings have not been confirmed in the clinical situation, vet.

Necroptosis

In contrast to accidental cell death, programmed necrosis or necroptosis represents a
programmed cell death biochemically separated from apoptosis [45,46,64]. DNA
damage or stimulation of the pro-apoptotic cell death receptors TNFR1, TNFR2,
TRAILI1-2, and FAS can induce necroptosis in different type of cells under low ATP
concentrations, or when inhibitors of caspases are present [65]. Signaling via TNF-o is
considered most important for necroptosis [66]. When caspase 8 is inhibited (e.g. by the
use of caspase inhibitor drugs or genetic knockdown) binding of TNF-o to TNFR1 is
able to induce necroptosis [67—69]. Conversely, caspase 8 is a main inhibitor of

necroptosis by cleavage of receptor interacting kinase-1 (RIPK1), a crucial signal



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

transducer for necroptosis. RIPK1 and RIPK3 regulate necroptosis and determine the
necrotic response to TNF-o [67,68] by formation of the necrosome (including FADD,
cFLIP, and caspase 8). Within the necrosome (or riptosome) RIPK3 phosphorylates the
mixed linage kinase like protein (MLKL), which integrates into membranes. This leads
to release of intracellular components into extracellular space and subsequent
inflammatory responses and membrane rupture [70,71]. The anti-apoptotic cIAPs can
also counter necroptosis by polyubiquitinilation of RIPK1, resulting in the activation of
the transcription factor NF-kB (pro-survival signal) [72]. Another downstream effector
of RIPK1/RIPK3 may be poly(ADP-ribose) polymerase 1 (PARP1) (involved in DNA
repair, and transcription regulation), reducing ATP [73], Though, PARP1 might also
exert a RIPK1/RIPK3 independent necrosis program [74] or might serve as a switch
between apoptosis and necrosis [75]. It is still a matter of debate if necroptosis plays a
role in pathophysiologic settings, as liver RIPK-3 expression is low [76], except for

NASH [40].

Pyroptosis

Pyroptosis is a recently discovered pathway of programmed cell death downstream of
inflammasome activation. Despite its dependence on caspase activation (in this case
caspase-1), pyroptosis is morphogically similar to necrosis, as it leads to membrane
rupture or pore formation. Inflammasomes are multiprotein complexes which may vary
in composition. So-called canonical inflammasomes either contain (often multiple
copies) Apoptosis-associated speck-like protein containing a CARD (caspase
recruitment domain) (ASC) or one protein of the nucleotide-binding oligomerization

domain-like receptor (NLR) family. The most prominent members of the NLR family
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are NLRP1, NLRP3, and NLRC4. The inflammasome complex itself is activated during
bacterial infections via PAMPs (pathogen associated molecular patterns, i.e. bacterial
products and compounds), DAMPs (danger associated molecular patterns: usually
intracellular localized substances as ATP or HMGBI, nucleic acids, and some
lipoproteins), or ligation of TNF-a to the TNFR1. Specificity of stimulus and induced
type of inflammasome has been reviewed comprehenseively by de Vasconcelos et al.
[77]. Inflammasome activation leads to self-cleavage of caspase 1, which is the main
effector caspase in pyroptosis. In mice also caspase-11 and in human caspases-4 and -5
can be recruited by inflammasomes. Upon caspase-1 activation the proinflammatory
cytokines pro-IL-1B and pro-IL-18 are cleaved and released. IL-1 and IL18 in addition
to the release of intracellular components during pyroptosis confer a strong
inflammatory stimulus in the affected tissue. Among the many substrates cleaved by
caspase 1 is gasdermin, which seems to be essential for cell death execution as
pyroptosis [78,79]. Of note, inflammasome activation can also induce apoptosis in

parallel to pyroptosis [47,80-82].

Autophagy

Autophagy, or macroautophagy, is an intracellular process maintaining cellular
homeostasis and energy production by degradation of cytosolic components. Autophagy
also removes unnecessary or dysfunctional cellular components as well as long-lived
proteins from the cell [83,84]. Morphologic characteristics of autophagy include vast
cytoplasmic vacuolization due to formation of double-membrane vesicles called
autophagosomes. Autophagosomes contain cytosolic organelles and proteins and are
fused with lysosomes resulting in the formation of autolysosomes. The autolysosome

content is then degraded by acidic hydrolases. Products of this process are released into

10
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the cytoplasm for recycling or energy generation. Autophagy is particularly important
for liver cell homeostasis. In the absence of injury hepatocytes are in a quiescent state
and may be susceptible to accumulation of missfolded and dysfunctional proteins
[83,85]. The basal level of autophagy in the liver is increased under different situations
such as starvation or hypoxia to promote cell survival [83,86]. The importance of
autophagy in the liver becomes obvious in patients with alpha-1-antitrypsin (o1AT)
deficiency. These patients have an altered autophagy process and improperly folded

a1AT accumulates within hepatocytes inducing damage [87]. Autophagy is generally

considered a protective process for the liver [88,89], and its inhibition has been linked

to cellular stress and apoptosis and necrosis [90]. In contrast, activation of autophagy

related mediators may also block apoptosis execution and rescue cells from death.
Conversely caspase-mediated cleavage of Beclin 1, an important autophagy related

mediator, inhibits its capacity to facilitate autophagy [91]. In settings of caspase

inhibition, cell death can occur due to autophagy [92,93]. This may be mediated by

regulators of autophagy as Beclin-1 and ATGS5 [91,94] or indirect Vvia generation of

toxic ROS concentrations by autophagy [95]. The relevance of autophagic cell death or

autosis for clinical settings is unclear, yet, as these findings derive from in vitro

experiments. Monitoring autophagy is a very difficult task, and available methods are
unable to distinguish high autophagy rates from cases in which the last step of
autophagy is blocked [96]. According to the NCCD autophagy is present in a particular
model system when markers of autophagy, such as LC3/Atg8, are used in parallel to
blockers of autophagy flux [9]. Unambiguous identification of autophagy in human
samples requires detection of multiple steps of this process, i.e. formation of
autophogosomes visualized by electron microscopy, which can be challenging. Thus, a

deeper understanding of autophagic processes in actual human pathobiology is needed,

11
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before autophagy related genes or proteins might serve for diagnostic or even

therapeutic purposes.

Crosstalk between apoptosis, necrosis, and autophagy

As has already been mentioned the biochemical identity of a cell death mode might not
be as clear cut, as often thought. Many stimuli can induce regulated demise of a cell in
various forms, for example endoplasmic reticulum (ER) stress can trigger both
apoptosis and autophagy [97]. This is due to interrelated and sometimes redundant
mechanisms. The result, which mode of cell death is finally executed, depends on the
state of the cell and its energy reserves, presence of infectious agents (i.e. HBV blocks
execution of apoptosis), and many other factors. For example programmed necroptosis
is one example of the crosstalk between apoptosis and necrosis [46]. Important cell
death hubs connecting different regulated cell death modes are ATP (energy balance),
p53, and BCL-family proteins. Since Apoptosis is an ATP-dependent process,
substantial depletion of ATP leads to a switch from apoptotic to necrotic cell demise
[98]. Factors affecting mitochondrial ATP production, such as PARP1 are considered
important molecular regulators of the interface between apoptosis and necrosis [73].
The mitochondrial effector protein AIF controls the caspase-independent apoptotic cell
death [56]. However, AIF has also been implicated in necroptotic cell demise after

DNA damage together with PARP1 [99] (see below).

The p53 response to injury (e.g. DNA damage or hypoxia) results in the stimulation of
the apoptotic machinery either indirectly, via FAS/CD95, BAX, PUMA or BID, or
directly via MOMP [100-103]. p53 controls not only the intrinsic and extrinsic

apoptosis pathways but has also a role in necrosis [104], and seems to interact with

12
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cyclophilin D, a key regulator of the MPTP. p53 can also induce autophagy through the
inhibition of the mammalian target of rapamycin (mTOR) [105]. BCL-2 family proteins
regulate the integrity of mitochondria [25,106], and a crucial step in intrinsic apoptosis
is MOMP due to BCL-2 family proteins. Within the BCL-2-family proteins three major
groups are known, comprising anti-apoptotic proteins, proteins able to form pores in the
outer membrane of mitochondria, and BH3 only proteins which act either anti- or pro-
apoptotic (see table 1 for an overview of BCL-2 proteins). However, members of the
BCL-2 family seem to be also involved in MPMT formation during necroptosis [38,51—

53].

In summary, the complex regulation of the various types of cell death (which have not
been described to completeness in the above paragraphs) makes it difficult to identify
clear-cut cases in vivo. In an organism cell death of multiple forms may occur at the
same time or subsequently due to tissue injury. As the situation regarding stimuli,
energy supply, and previous damage of each individual cell may influence outcome of
cell death, even a single damaging process or cell death signal might not lead to the

same results in all cells. In addition, it should be noted that many of the general

mechanisms described here were the results of studies performed in cell lines, murine

embryonal fibroblasts, or very specific genetic-(multi-)knockout models. Many of these

results still await confirmation in primary hepatocytes, relevant in vivo models and in

most cases in human tissue samples. It is well known, that pre-clinical findings often

cannot be transferred to the situation in the patient. This makes clinical application of

cell death on the one hand as diagnostic tool and on the other hand as therapeutic target
a highly challenging task. In the following we describe current knowledge in chronic
liver disease on the above described cell death types, although in some cases evidence

may be sparse.

13
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Cell death mechanisms in various chronic liver diseases

NAFLD/NASH

In the course of the obesity pandemic, non-alcoholic fatty liver disease (NAFLD) has
increased to similarly epidemic proportions all over the world [107,108]. NAFLD
progresses to non-alcoholic steato-hepatitis (NASH) in about 20% and is characterized
by the presence of inflammation with different degrees of fibrosis [109]. Although the
driving force for disease progression is still under investigation, apoptosis of
hepatocytes is supposed to be a key step for development from simple steatosis (NAFL)
towards NASH [110-112]. Lipotoxicity is one of the major suspects as cause for
hepatocellular damage, caused by free fatty acid accumulation [113,114].
Hepatocellular apoptosis has been found in human NASH and expression of death
ligands and death receptors is increased in liver tissue of NASH patients [110,115]. In
addition effector genes of apoptosis (PUMA, BIM) have been observed elevated in
NASH [116,117]. Concurrently caspase 8 activation has been identified in NASH
patients [118], suggesting an extrinsic activation of apoptosis pathways. Cytokeratin 18
(CK-18) cleavage by caspases generating a neo-epitope [119] detectable in sera of
NAFL and NASH patients [120] will be discussed below. Apart from apoptosis related
genes and factors expression of RIPK3 seems to be increased in livers from patients

with NASH [40,121]. Higher amounts of RIPK3 and MLKL in liver tissue of NASH

patients were observed compared to controls and still slightly higher as in steatosis

[122]; although mere raised expression of these proteins does not necessarily imply

ongoing necroptosis. After all serum concentrations of HMGBI1 were similar in NAFL

and NASH. Positive staining in immunohistochemistry also has to be interpreted with

care, because of possible unspecific staining of biliary cells [40]. In addition, other

14
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functions for RIP3K in hepatocarcinogenesis and cholestasis have been reported [123],

in particular the role of RIP kinases in inflammatory signaling should be considered

[124]. Caspase 8 null mice under an methionine-choline-deficient (MCD) diet, showed

over-expression of RIPK3 and severe hepatocyte damage [40], also suggesting

necroptosis. Though, the MCD model mimics histological features of human NASH. in

particular the inflammatory component, but does not alter metabolic parameters or

induce obesity [125,126]. Unfortunately many experimental works on NASH still use

the MCD model, that might be relevant for the progressive inflammatory changes

observed in NASH, but lacks any relevance to the underlying human clinical situation

of NAFLD with obesity, adipocyte hypertrophy, and (hepatic) insulin resistance.

Nevertheless, if the findings from human liver tissue can be confirmed, it might be

worth to explore, if a shift from caspase-8-dependent apoptosis to necroptosis occurs

during progression from NAFL to NASH. Cellular components inhibiting caspase-8

would thus be an interesting target to counter NAFLD progression [127].

A hallmark of NASH is the inflammatory component and activation of resident
macrophages (Kupffer cells) and infiltrating monocytes/macrophages [128—130].
Apoptosis has long been considered a non-inflammatory process, in contrast to necrosis.
However, by now there is evidence supporting that apoptosis, through TNFR1 and FAS
signaling, can induce inflammation i.e. by production of chemokines and pro-
inflammatory cytokines [131]. Especially Kuppfer cells react to this by release of TNF-
a, or FAS-L, and TRAIL [129,132], which again act as death ligands on hepatocytes.
Thus a vicious circle is generated, with continued and mutually reinforcing apoptosis

and inflammation leading to fibrosis [133].

Another process possibly affecting progress of NAFLD could be autophagy, mainly by

modulating the storage of lipids within the hepatocytes, although the mechanisms are

15
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not fully elucidated [134,135]. Autophagy promotes resistance of hepatocytes to injury
by FFA and oxidative stress and defective autophagy is linked to ER stress, which again
promotes insulin resistance. Dysfunctional autophagy in obesity or NAFLD may lead to
activation of mTOR and promotion of insulin-resistance [136—138]. This theory is
corroborated by elevated ER stress and p62 expression in NASH, indicating impaired
autophagic flux [139]. While in hepatocytes autophagy has a protective role, autophagy
seems to promote hepatic stellate cell activation [140]. It is noteworthy that monitoring
autophagy is very complex and conclusions from single or even a few autophagy related
factors should be taken with caution. The gold standard for detection of altered

autophagy, measuring autophagic flux, cannot be assessed in human samples currently.

For other cell death modes in NAFLD, clinical data are not available or conflicting.
Pyroptosis or at least NLRP3 as important inflammasome component seems to be

essential for NASH-induced fibrogenesis in an murine MCD model [141], with the

above described limitations of this model. Moreover, NLRP3 expression was correlated

to release of cell death markers (M65) and liver injury in human NAFLD [142].

Cell death in NAFLD seems to be predominantly apoptotic, although an increase of
necroptosis during development from NAFL to NASH could be possible._ Though, this

hypothesis should be addressed in thoroughly conducted clinical studies. Thus, research

efforts should be focused on the identification of factors that could establish which
patient will progress from steatosis to an inflammatory/fibrogenic state beyond the well-
studied ALT and CK18 [143,144]. Since no therapeutic options are currently available
for NASH prophylactic measures may be the best option. Keeping up healthy life style
choices regarding food, activity, and sufficiently intense exercise is the most promising

preventive program against NAFLD.
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Alcoholic liver disease

The incidence of alcoholic liver disease (ALD) is increasing steadily worldwide.
Alcohol-induced liver injury includes fatty liver, fibrosis and alcoholic hepatitis [145].
Alcoholic hepatitis is a necro-inflammatory process that may progress to fibrosis and
cirrhosis [146]. It was demonstrated in ALD that both apoptosis and necrosis participate
in the pathophysiology of the hepatocyte injury [110,147,148]. Recent findings suggest
also a role for necroptosis and pyroptosis as mechanisms of cell demise in the liver
[2,149]. Alcohol is metabolized by the cytosolic alcohol dehydrogenase (ADH) and by
the microsomal ethanol oxidation system (mainly located in zone 3, where the
expression of CYP2EI is high) into acetaldehyde, which induces hepatocyte apoptosis
[150,151]. Excessive acute and chronic alcohol consumption leads to generation of ROS
and subsequently increases oxidative stress in the liver [152], which in part is triggered
by Kupfter cells [153]. Generation of ROS and depletion of the antioxidant glutathione
lead to mitochondrial damage and release of cytochrome c, which in turn activates
caspases [154]. It has been demonstrated that alcohol also induces mitochondrial
dysfunction, ER stress, altered proteasome function and other mechanisms of cell
damage [155]. DAMPS are released after necrotic cell death, and stimulate activation of
macrophages and neutrophils, as well as fibrogenesis [35]. Further liver damage in ALD
arises by increased bacterial endotoxin levels (LPS) and PAMPS, which induce Kupffer
cells via TLR4 to produce TNF-q, IL-6, and ROS leading to hepatocellular death by

apoptosis [156,157].

Currently no data on autophagy in human alcoholic liver disease is available. Results
from animal models suggest, that autophagy could be beneficial in alcoholic liver

damage by removal of damaged mitochondria and excess lipid droplets [89]. However,
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ethanol seems to decrease autophagy possible via an AMPK dependant mechanism

[158,159].

In ALD cell death seems to be the consequence of both necrosis and intrinsic apoptosis,

due to ER-stress- or ROS-induced mitochondrial injury. Additional contributions of

other cell death modes cannot be excluded, though clinical data on these is scarce.
Autophagy may play a rather protective role in ALD. It remains to be elucidated if the
necrotic type of cell death observed mainly in ALD could actually represent the

regulated necroptotic type.

Strategies to reduce liver damage in ALD are restricted to acute hepatitis and implicate
the use of anti-TNF molecules, corticosteroids, pentoxiphylline, and N-acetyl cysteine
(NAC); however, other strategies are focused in the use of prebiotics to modify the gut
microorganisms, pancaspase inhibitors, IL-1 receptor antagonists, and antioxidants

(Reviewed in [160]).

Cholestatic diseases

Cholestasis or obstruction of bile flow can occur due to genetic, obstructive,
inflammatory, or toxic disorders. Accumulation of toxic bile salts within the liver leads
to hepatocyte apoptosis, biliary proliferation, and apoptosis of biliary epithelial cells
[161]. Bile acid concentrations within the hepatocytes are tightly regulated by farnesoid
X receptor (FXR) [162,163]. It is possible to experimentally mimic cholestasis by bile
duct ligation (BDL) in mice, which induces apoptosis of hepatocytes [164]. During
experimental cholestasis, toxic and mainly hydrophobic bile acids accumulate within
hepatocytes [165] resulting in extrinsic activation of death receptors in addition to death

ligand dependent extrinsic apoptosis [166—170]. Deregulated biogenesis of
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mitochondria by bile acids additionally leads to intrinsically induced apoptosis [171].
This elevated hepatocellular apoptosis in bile obstruction has been linked to
fibrogenesis via engulfment of apoptotic bodies by Kupffer cells and hepatic stellate
cells [133,172—174]. These findings were supported by increased expression of FAS-L
in infiltrating mononuclear cells and FAS in biliary epithelial cells of PBC patients
[175]. While many models suggest apoptosis by bile acids as major cell demise
mechanism, necrosis can also be triggered in cholestatic liver diseases [21,176]. In vivo
apoptosis and necrosis may coexist, or secondary necrosis can occur following
dysfunctional apoptotic cell death [21,164,177]. Strikingly the few larger studies in
human tissue and primary human cells indicate a predominantly necrotic, or possibly as
we now know necroptotic, cell demise [178,179]. Ursodeoxycholic acid (UDCA), a
hydrophilic bile acid, exerts cytoprotective effects on hepatocytes and biliary epithelial
cells / cholangiocytes specifically in PBC. Though, UDCA is less effective in other
biliary diseases and may even aggravate the situation [180-184]. This is an important
example how differing mechanisms, in this case apoptotic cell death in mice vs.
necro(pto)tic cell death in humans may limit information from animal and in vitro
models. While UDCA is a promising and important therapeutic agent, it’s use is
restricted to specific biliary diseases in human, despite broad applicability in murine

models.

Chronic viral hepatitis

Chronic viral hepatitis B and C generate a persistent inflammatory process and
continuous stimulation of the immune system within the liver, resulting in hepatocyte
death mainly by apoptosis [185-187]. HCV replication within the hepatocytes can lead

to apoptosis and may stimulate the production of diverse cytokines and chemokines
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(e.g. TNF-a, IFN-g, IL-12, IL-10, IP-10, and RANTES), which again can induce
apoptosis [188—190]. Diverse HCV proteins such as core and NS3 can induce apoptosis
of hepatocytes via TRAIL, TNF-o. or FAS [191,192]. These death ligands are also
produced by effector cells, mainly T and NK T cells to eliminate infected hepatocytes
[185]. However, HCV virus can also induce apoptosis of activated T cells facilitating
immune evasion [193]. Persistent apoptosis of infected hepatocytes lead to disease
progression and fibrogenesis [194]. Chronic HBV infection is also associated with
apoptosis and livers from HBV infected patients showed increased levels of death
ligands [195,196]. HBx protein has demonstrated a dual role on hepatocytes. HBx can
induce apoptosis of hepatocytes or may exert a pro-survival effect through the
repression of lethal 7 protein (let-7), which acts as a repressor of STAT3 [197].
Generally in chronic viral liver diseases apoptosis is the predominant cell death mode.
Therefore, some therapeutic approaches against HBV and HCV infection aim to reduce
or eliminate the amount of apoptotic hepatocytes to prevent inflammation and
stimulation of fibrogenesis. In a setting of HBV-induced acute liver failure, anti-viral
therapy has been shown to effectively reduce viral load and surrogate markers of cell
death and to improve patient survival [198]. Autophagy is one process that may
facilitate pathogen removal by host cells. However, during HBV as well as HCV
infection autophagy is induced [199-202], since both pathogens seem to utilize the
autophagy machinery for replication [200,203]. While blocking of apoptosis might be
beneficial for disease progression (i.e. fibrogenesis) and inhibition of autophagy might
reduce HCV replication, the arrival of new and potent direct acting anti-viral drugs have

curbed interest in these approaches.

Hepatocellular carcinoma
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As described above, cell death is not only an important feature of chronic liver diseases
but also a central mechanism for disease progression in most etiologies. Thus, inhibition
of apoptosis or other cell demise modes is essential including to prevent
hepatocarcinogenesis [204—206]. In contrast, when HCC is established, strategies aimed
at increasing cancer cell death are required. Persistent hepatocyte cell death is linked to
hepatocarcinogenesis [206-210]. In line with this, patients with chronic hepatitis B or C
with elevated ALT have higher risk to develop HCC in comparison with patients with
normal ALT [211-213]. Patients with HCC actually exhibit elevated serum
concentrations of M30 and expression of pro-apoptotic ligands is increased in tumor
surrounding tissue. Expression of anti-apoptotic regulators is increased in parallel,
suggesting opposing signals at play in the tumor vicinity [214]. Indeed, hepatocellular
carcinoma cells themselves are resistant to apoptosis induction, making approaches to

selectively enhance sensitivity to TRAIL or Fas agonists promising.

The role of autophagy in cancer is complex and depends largely on context. In general,
in HCC reduced autophagy has been observed [215,216], which was correlated with
poor prognosis [215,217]. However, it was demonstrated that autophagy has a pro-
tumoral effect protecting HCC cells from damage and promoting their invasion capacity
[218,219]. Due to the complexity of autophagy and the contrasting observations in

HCC, pharmacological modulation of autophagy in HCC is still in preclinical stages.

In summary, strategies aimed at minimizing hepatocyte damage could have a positive
impact in prevention of HCC growth [220]. When HCC is established, selective
induction of cell death of HCC cells could represent an urgently needed therapeutic
alternative, i.e. by gene transfer [221-224]. Other strategies include the inhibition of
XIAP [225] or the use of histone-deacetylase inhibitors (NCT00943449256). Current

therapeutical options, apart from liver resection or transplantation, as selective internal
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radiotherapy (SIRT), transcatheter arterial chemoembolization (TACE), or
radiofrequency ablation (RFA) indeed also lead to death of tumor cells. Though, this

probably occurs mostly via unregulated necrotic cell damage.

Cholangiocarcinoma

Cholangiocarcinoma (CCA) is an epithelial cell malignancy of the biliary tree
displaying markers of cholangiocyte differentiation. It is the second most common
primary hepatic cancer and its incidence in Western Countries is increasing. CCA is
characterized by a dismal overall survival because of limited therapeutic options. CCA
tumour development and progression appears to be maintained by potent survival
signals. Co-activation of survival associated networks results in a blockage of tumour
cell death. One of the key cytokines generated in inflammation is IL-6, which is
elevated in the serum of patients with biliary tract cancer [161] and exhibits enhanced
expression in the tumor stroma of patients with CCA. IL-6 inhibits cell death by
activating the transcription factor signal transducer and activator of transcription 3
(STAT3), which in turn can upregulate survival factors such as myeloid cell leukemia
sequence 1 (Mcl-1) and Bcl-xL. Suppressor of cytokine signaling 3 (SOCS3), an
endogenous feedback inhibitor of IL-6, is epigenetically silenced via methylation of its
promoter in CCA [226]. Treatment with demethylating agents restored IL-6 induction
of SOCS3. For CCA demethylating agents might inhibit the procarcinogenic effects of
IL-6 and thus pave the way for pro-apoptotic drugs [227]. Currently no cell death
related therapy of CCA is available or in clinical testing, as information on cell death in

CCA is scarce.
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Markers of cell death

As already mentioned above, it is challenging to assess specific cell death modes in a
clinical setting. First a biopsy would be required to retrieve liver cells, second a large set
of parameters including mRNA and protein expression but also post-translational
changes as phosphorylation, ubiquitination, or cleavage of specific proteins by caspases
must be assessed. In fact it is probably impossible with current methods to generate an
encompassing dataset describing the actual situation of cell demise in human liver tissue
during disease. Even if this was possible, only a single time point would be available
upon a liver biopsy. Since cell death is per se a highly dynamic process and changes of
cell death mode may occur during disease course, a single measurement may not give
sufficient information to interpret ongoing liver injury. Until methods arise, that may
allow detection of in situ cell demise in humans, surrogate markers, associated to
specific types of cell death are in use. These non-invasive markers may increase
information on liver disease, in particular regarding severity of the injury. The most
prominent marker set is M65 and M30, which can detect CK-18 either full length or a
caspase-cleaved form, respectively. CK-18 is an epithelial cell marker and thus not
specific for liver disease. Though, in established liver disease M65 and M30 have been
shown to increase with severity of liver injury [43,120,190,228]. In diagnosed liver
disease it is thus reasonable to assume that increased serum M65 indicates ongoing
hepatocellular cell death, without further information on the mode of death. Elevated
serum M30 indicates ongoing apoptosis of hepatocytes. Consequently, M30 or M65
have been employed to detect severity of NAFLD [120,229,230], ALD [228,231,232],
or fibrosis / cirrhosis [190,233,234]. Both cell death markers in combination with other
non-invasive factors could achieve high accuracy in prediction of fibrosis stage or could
differentiate etiologies of liver disease [43,235]. To our knowledge caspase-1, activated

during pyroptosis does not expose the neoepitope on CK-18, which is detected by M30,
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making it indeed an apoptosis specific marker. Conversely, release of IL-1beta and IL-
18 (and other IL-1 family members) seem to be specifically occurring in conditions of
caspase-1 activation. Elevated levels of these have been detected in NASH and ASH
[236-239]. If these truly indicate cell death due to pyroptosis or mere inflammasome
activation without execution of cell death remains to be elucidated. There are also no
data on caspase-4 or -5 activity in human chronic liver diseases, which may also

contribute to pyroptosis and release of specific markers. A long known marker, gaining

new attention is High-mobility group box 1 (HMGB1), which is supposed to be released

only under severe cellular stress and membrane rupture, as well as by immune cells

[240,241]. Although initially identified as unspecific released during necrosis, HMGBI1

is now known to be released under many different conditions from a variety of cells

[240,242].  Moreover, HMGBI1 is subject to wide-ranging post-translational

modification such as acetylation, methylation, and oxidation leading to different effects

on target cells or completely impairing uptake. Modifications and functions of this

complex molecule have been summarized well by other groups [240,242,243]. Current

data suggests, that de- or un-acetylated HMGB1 with all three Cystein residues reduced

or with a disulfide bond between Cys23 and Cys45 derives from necrosis or pyroptosis

[242]. Unfortunately it is not clear, which types of HMGBI1 were analyzed in the

following clinical studies. Serum HMGB1 seems to correlate with severity of alcoholic

liver injury as well as HCV-induced fibrosis [244,245]. Though, monocytes and
macrophages are able to actively release HMGB1 [246,247], complicating interpretation
related to cellular death in liver diseases with strong inflammatory background.

Although caspase 3 has been identified as a major player in liver apoptotic cell demise

no consistent results are available for plasma caspase 3 as a marker of liver cell death. It

might be worth to explore a role as marker for types of liver injury inducing mostly
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apoptotic cell death (i.e. NAFLD). To evaluate the full potential of these markers, a full

panel for M30, M65, caspase 3, IL-1beta, IL-18, and HMGBI1 (in the above described

necrosis-specific conformation) in various etiologies of liver disease with differing

severity and fibrosis stages as reference would be imperative. Unfortunately no such
comprehensive study on known surrogate markers of cell death modes has been

performed, yet.

Concluding remarks

Regulated cell death occurs in all chronic liver diseases and the type of predominant cell
death may be specific for different etiologies. Current data suggest that cell demise in
viral etiologies and NAFLD is mostly apoptotic but may switch to necroptosis during
progression to NASH. ALD leads to a necrotic injury with intrinsic apoptosis, although
no reliable information is available, if the necrotic type of injury could in fact be
necroptotic or pyroptotic. For chronic liver diseases with biliary component many
models suggest apoptosis induced by bile acids as predominant mode, though the
clinical reality seems to indicate rather necro(pto)tic cell demise in this setting.
Established tumours in the liver seem to develop resistance to apoptosis and approaches

to increase susceptibility to this (or other) cell death modes could be feasible options.

Regarding the complicated mechanisms by which different cell death modes are
interrelated and may be switched, results from in vitro and in vivo models have to be

taken with care. Many findings from cell lines and murine models either still await

confirmation in primary human cells or human tissue samples or do not correspond to

the actual clinical situation in humans. Apart from this, it is extremely challenging to

identify with certainty a specific cell death mode in actual human liver disease.
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While surrogate markers for various cell death modes might help to assess severity of
liver injury and monitor disease progression, therapeutic options utilizing cell death are
far from common clinical usage. In part this may be due to a switch of cell death mode
rather than complete abolishment of cell demise in a real life setting of human disease,
when inhibitors i.e. of apoptosis are applied. A similar situation is given for autophagy.
Although some already approved drugs may affect/promote autophagy (e.g. rapamycin
or metformin) the lack of selectivity, and the many gaps in the molecular and cellular

knowledge of the role of autophagy in the liver limit its application in the clinic.

26



0o

10
11

12
13

14
15

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

34
35
36
37
38
39
40

41
42
43

References

10.

Kaplowitz N. (2000) Mechanisms of liver cell injury. J. Hepatol. . 32, 39-47.

Guicciardi ME, Malhi H, Mott JL, Gores GJ. (2013) Apoptosis and necrosis in the liver.
Compr Physiol . 3, 977-1010.

Luedde T, Kaplowitz N, Schwabe RF. (2014) Cell death and cell death responses in liver
disease: mechanisms and clinical relevance. Gastroenterology . 147, 765-783.e4.

Haanen C, Vermes 1. (1996) Apoptosis: programmed cell death in fetal development. Eur
J Obstet Gynecol Reprod Biol . 64, 129-33.

Miura M. (2011) Active participation of cell death in development and organismal
homeostasis. Dev. Growth Differ. . 53, 125-36.

Kerr JF, Wyllie AH, Currie AR. (1972) Apoptosis: a basic biological phenomenon with
wide-ranging implications in tissue kinetics. Br. J. Cancer . 26, 239-57.

Ziegler U, Groscurth P. (2004) Morphological features of cell death. News Physiol. Sci.
Int. J. Physiol. Prod. Jointly Int. Union Physiol. Sci. Am. Physiol. Soc. . 19, 124-8.

Galluzzi L, Bravo-San Pedro JM, Vitale I, Aaronson SA, Abrams JM, Adam D, Alnemri
ES, Altucci L, Andrews D, Annicchiarico-Petruzzelli M, Baehrecke EH, Bazan NG,
Bertrand MJ, Bianchi K, Blagosklonny MV, Blomgren K, Borner C, Bredesen DE,
Brenner C, Campanella M, Candi E, Cecconi F, Chan FK, Chandel NS, Cheng EH,
Chipuk JE, Cidlowski JA, Ciechanover A, Dawson TM, Dawson VL, De Laurenzi V, De
Maria R, Debatin K-M, Di Daniele N, Dixit VM, Dynlacht BD, El-Deiry WS, Fimia GM,
Flavell RA, Fulda S, Garrido C, Gougeon M-L, Green DR, Gronemeyer H, Hajnoczky G,
Hardwick JM, Hengartner MO, Ichijo H, Joseph B, Jost PJ, Kaufmann T, Kepp O,
Klionsky DJ, Knight RA, Kumar S, Lemasters JJ, Levine B, Linkermann A, Lipton SA,
Lockshin RA, Lopez-Otin C, Lugli E, Madeo F, Malorni W, Marine J-C, Martin SJ,
Martinou J-C, Medema JP, Meier P, Melino S, Mizushima N, Moll U, Mufioz-Pinedo C,
Nufiez G, Oberst A, Panaretakis T, Penninger JM, Peter ME, Piacentini M, Pinton P,
Prehn JH, Puthalakath H, Rabinovich GA, Ravichandran KS, Rizzuto R, Rodrigues CM,
Rubinsztein DC, Rudel T, Shi Y, Simon H-U, Stockwell BR, Szabadkai G, Tait SW, Tang
HL, Tavernarakis N, Tsujimoto Y, Vanden Berghe T, Vandenabeele P, Villunger A,
Wagner EF, Walczak H, White E, Wood WG, Yuan J, Zakeri Z, Zhivotovsky B, Melino
G, Kroemer G. (2015) Essential versus accessory aspects of cell death: recommendations
of the NCCD 2015. Cell Death Differ. . 22, 58-73.

Galluzzi L, Vitale I, Abrams JM, Alnemri ES, Baehrecke EH, Blagosklonny MV, Dawson
TM, Dawson VL, El-Deiry WS, Fulda S, Gottlieb E, Green DR, Hengartner MO, Kepp O,
Knight RA, Kumar S, Lipton SA, Lu X, Madeo F, Malorni W, Mehlen P, Nunez G, Peter
ME, Piacentini M, Rubinsztein DC, Shi Y, Simon HU, Vandenabeele P, White E, Yuan J,
Zhivotovsky B, Melino G, Kroemer G. (2012) Molecular definitions of cell death
subroutines: recommendations of the Nomenclature Committee on Cell Death 2012. Cell
Death Differ . 19, 107-20.

Wang K, Zhang D-L, Long B, An T, Zhang J, Zhou L-Y, Liu C-Y, Li P-F. (2015)

NFAT4-dependent miR-324-5p regulates mitochondrial morphology and cardiomyocyte
cell death by targeting Mtfrl. Cell Death Dis. . 6, €2007.

27



16
17
18

19
20
21
22

23
24
25

26
27
28

29
30

31
32

33
34
35

36
37
38

39
40
41

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

Wajant H. (2002) The Fas signaling pathway: more than a paradigm. Science . 296, 1635—
6.

Schiitze S, Tchikov V, Schneider-Brachert W. (2008) Regulation of TNFR1 and CD95
signalling by receptor compartmentalization. Nat. Rev. Mol. Cell Biol. . 9, 655-62.

Mehlen P, Bredesen DE. (2011) Dependence receptors: from basic research to drug
development. Sci. Signal. . 4, mr2.

Wajant H, Haas E, Schwenzer R, Muhlenbeck F, Kreuz S, Schubert G, Grell M, Smith C,
Scheurich P. (2000) Inhibition of death receptor-mediated gene induction by a
cycloheximide-sensitive factor occurs at the level of or upstream of Fas-associated death
domain protein (FADD). J. Biol. Chem. . 275, 24357-66.

Boldin MP, Varfolomeev EE, Pancer Z, Mett IL, Camonis JH, Wallach D. (1995) A novel
protein that interacts with the death domain of Fas/APO1 contains a sequence motif
related to the death domain. J. Biol. Chem. . 270, 7795-8.

Schulze-Osthoff K, Ferrari D, Los M, Wesselborg S, Peter ME. (1998) Apoptosis
signaling by death receptors. Eur. J. Biochem. FEBS . 254, 439-59.

Kischkel FC, Hellbardt S, Behrmann I, Germer M, Pawlita M, Krammer PH, Peter ME.
(1995) Cytotoxicity-dependent APO-1 (Fas/CD95)-associated proteins form a death-
inducing signaling complex (DISC) with the receptor. EMBO J. . 14, 5579-88.

Thome M, Schneider P, Hofmann K, Fickenscher H, Meinl E, Neipel F, Mattmann C,
Burns K, Bodmer JL, Schréter M, Scaffidi C, Krammer PH, Peter ME, Tschopp J. (1997)
Viral FLICE-inhibitory proteins (FLIPs) prevent apoptosis induced by death receptors.
Nature . 386, 517-21.

Irmler M, Thome M, Hahne M, Schneider P, Hofmann K, Steiner V, Bodmer JL, Schréter
M, Burns K, Mattmann C, Rimoldi D, French LE, Tschopp J. (1997) Inhibition of death
receptor signals by cellular FLIP. Nature . 388, 190-5.

Deveraux QL, Roy N, Stennicke HR, Van Arsdale T, Zhou Q, Srinivasula SM, Alnemri
ES, Salvesen GS, Reed JC. (1998) IAPs block apoptotic events induced by caspase-8 and
cytochrome ¢ by direct inhibition of distinct caspases. EMBO J . 17, 2215-23.

Gujral JS, Liu J, Farhood A, Jaeschke H. (2004) Reduced oncotic necrosis in Fas receptor-
deficient C57BL/6J-Ipr mice after bile duct ligation. Hepatology . 40, 998—1007.

Barnhart BC, Alappat EC, Peter ME. (2003) The CD95 type I/type II model. Semin
Immunol . 15, 185-93.

Yin XM, Wang K, Gross A, Zhao Y, Zinkel S, Klocke B, Roth KA, Korsmeyer SJ. (1999)
Bid-deficient mice are resistant to Fas-induced hepatocellular apoptosis. Nature . 400,
886-91.

Scaffidi C, Fulda S, Srinivasan A, Friesen C, Li F, Tomaselli KJ, Debatin KM, Krammer
PH, Peter ME. (1998) Two CD95 (APO-1/Fas) signaling pathways. EMBO J. . 17, 1675—
87.

Luo X, Budihardjo I, Zou H, Slaughter C, Wang X. (1998) Bid, a Bcl2 interacting protein,

mediates cytochrome c release from mitochondria in response to activation of cell surface
death receptors. Cell . 94, 481-90.

28



14
15

16
17
18

19
20

21
22

23
24

25
26

27
28
29

30
31
32

33
34
35
36

37
38
39
40
41

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri ES, Wang X. (1997)
Cytochrome ¢ and dATP-dependent formation of Apaf-1/caspase-9 complex initiates an
apoptotic protease cascade. Cell . 91, 479-89.

Chai J, Du C, Wu JW, Kyin S, Wang X, Shi Y. (2000) Structural and biochemical basis of
apoptotic activation by Smac/DIABLO. Nature . 406, 855-62.

Schiingel S, Buitrago-Molina LE, Nalapareddy P devi, Lebofsky M, Manns MP, Jaeschke
H, Gross A, Vogel A. (2009) The strength of the Fas ligand signal determines whether
hepatocytes act as type 1 or type 2 cells in murine livers. Hepatol. Baltim. Md . 50, 1558—
66.

Cory S, Adams JM. (2002) The Bcl2 family: regulators of the cellular life-or-death switch.
Nat Rev Cancer . 2, 647-56.

Youle RJ, Strasser A. (2008) The BCL-2 protein family: opposing activities that mediate
cell death. Nat. Rev. Mol. Cell Biol. . 9, 47-59.

Kroemer G, Galluzzi L, Brenner C. (2007) Mitochondrial membrane permeabilization in
cell death. Physiol. Rev. . 87, 99-163.

Nechushtan A, Smith CL, Lamensdorf I, Yoon SH, Youle RJ. (2001) Bax and Bak
coalesce into novel mitochondria-associated clusters during apoptosis. J. Cell Biol. . 153,
1265-76.

Tait SWG, Green DR. (2010) Mitochondria and cell death: outer membrane
permeabilization and beyond. Nat. Rev. Mol. Cell Biol. . 11, 621-32.

Li H, Zhu H, Xu CJ, Yuan J. (1998) Cleavage of BID by caspase 8 mediates the
mitochondrial damage in the Fas pathway of apoptosis. Cell . 94, 491-501.

Brenner C, Galluzzi L, Kepp O, Kroemer G. (2013) Decoding cell death signals in liver
inflammation. J Hepatol . 59, 583-94.

Malhi H, Bronk SF, Werneburg NW, Gores GJ. (2006) Free fatty acids induce JNK-
dependent hepatocyte lipoapoptosis. J. Biol. Chem. . 281, 12093-101.

Urano F, Wang X, Bertolotti A, Zhang Y, Chung P, Harding HP, Ron D. (2000) Coupling
of stress in the ER to activation of JNK protein kinases by transmembrane protein kinase
IREL1. Science . 287, 664—6.

Weilbacher A, Gutekunst M, Oren M, Aulitzky WE, van der Kuip H. (2014) RITA can
induce cell death in p53-defective cells independently of p53 function via activation of
IJNK/SAPK and p38. Cell Death Dis. . 5, e1318.

Huang H-L, Chao M-W, Li Y-C, Chang L-H, Chen C-H, Chen M-C, Cheng C-C, Liou J-
P, Teng C-M, Pan S-L. (2016) MPT0GO066, a novel anti-mitotic drug, induces JNK-
independent mitotic arrest, INK-mediated apoptosis, and potentiates antineoplastic effect
of cisplatin in ovarian cancer. Sci. Rep. . 6, 31664.

Gautheron J, Vucur M, Reisinger F, Cardenas DV, Roderburg C, Koppe C,
Kreggenwinkel K, Schneider AT, Bartneck M, Neumann UP, Canbay A, Reeves HL,
Luedde M, Tacke F, Trautwein C, Heikenwalder M, Luedde T. (2014) A positive
feedback loop between RIP3 and JNK controls non-alcoholic steatohepatitis. EMBO Mol
Med . 6, 1062-74.

29



(] N

[Yolue I N e))

10

12
13
14

15

16
17

18
19
20

21
22

23
24
25

26
27
28

29
30
31
32

33
34
35
36

37
38
39
40

41
42

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Saveljeva S, Mc Laughlin SL, Vandenabeele P, Samali A, Bertrand MJM. (2015)
Endoplasmic reticulum stress induces ligand-independent TNFR 1-mediated necroptosis in
L1929 cells. Cell Death Dis. . 6, e1587.

Hotchkiss RS, Strasser A, McDunn JE, Swanson PE. (2009) Cell death. N Engl J Med .
361, 1570-83.

Bechmann LP, Jochum C, Kocabayoglu P, Sowa J-P, Kassalik M, Gieseler RK, Saner F,
Paul A, Trautwein C, Gerken G, Canbay A. (2010) Cytokeratin 18-based modification of
the MELD score improves prediction of spontaneous survival after acute liver injury. J.
Hepatol. . 53, 639-47.

Karch J, Molkentin JD. (2015) Regulated necrotic cell death: the passive aggressive side
of Bax and Bak. Circ. Res. . 116, 1800-9.

Vanden Berghe T, Linkermann A, Jouan-Lanhouet S, Walczak H, Vandenabeele P. (2014)
Regulated necrosis: the expanding network of non-apoptotic cell death pathways. Nat Rev
Mol Cell Biol . 15, 135-47.

Linkermann A, Green DR. (2014) Necroptosis. N Engl J Med . 370, 455-65.

Tilg H, Moschen AR, Szabo G. (2016) Interleukin-1 and inflammasomes in ALD/AAH
and NAFLD/NASH. Hepatol. Baltim. Md .

Waldmeier PC, Feldtrauer J-J, Qian T, Lemasters JJ. (2002) Inhibition of the
mitochondrial permeability transition by the nonimmunosuppressive cyclosporin
derivative NIM811. Mol. Pharmacol. . 62, 22-9.

Halestrap AP. (2009) What is the mitochondrial permeability transition pore? J. Mol. Cell.
Cardiol. . 46, 821-31.

Serviddio G, Bellanti F, Sastre J, Vendemiale G, Altomare E. (2010) Targeting
mitochondria: a new promising approach for the treatment of liver diseases. Curr. Med.
Chem. . 17, 2325-37.

Karch J, Kanisicak O, Brody MJ, Sargent MA, Michael DM, Molkentin JD. (2015)
Necroptosis Interfaces with MOMP and the MPTP in Mediating Cell Death. PLoS ONE .
[cited 2016];10

Whelan RS, Konstantinidis K, Wei A-C, Chen Y, Reyna DE, Jha S, Yang Y, Calvert JW,
Lindsten T, Thompson CB, Crow MT, Gavathiotis E, Dorn GW, O’Rourke B, Kitsis RN.
(2012) Bax regulates primary necrosis through mitochondrial dynamics. Proc. Natl. Acad.
Sci. U. S. A.. 109, 6566-71.

Karch J, Kwong JQ, Burr AR, Sargent MA, Elrod JW, Peixoto PM, Martinez-Caballero S,
Osinska H, Cheng EH-Y, Robbins J, Kinnally KW, Molkentin JD. (2013) Bax and Bak
function as the outer membrane component of the mitochondrial permeability pore in
regulating necrotic cell death in mice. eLife . 2, e00772.

Susin SA, Lorenzo HK, Zamzami N, Marzo I, Snow BE, Brothers GM, Mangion J,
Jacotot E, Costantini P, Loeffler M, Larochette N, Goodlett DR, Aebersold R, Siderovski
DP, Penninger JM, Kroemer G. (1999) Molecular characterization of mitochondrial
apoptosis-inducing factor. Nature . 397, 441-6.

LiLY, Luo X, Wang X. (2001) Endonuclease G is an apoptotic DNase when released
from mitochondria. Nature . 412, 95-9.

30



A WN P

00N O U

©

11
12
13

14
15
16

17
18
19
20

21
22
23
24

25
26
27

28
29
30

31
32

33
34

35
36
37

38
39

40
41
42

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Joza N, Susin SA, Daugas E, Stanford WL, Cho SK, Li CY, Sasaki T, Elia AJ, Cheng HY,
Ravagnan L, Ferri KF, Zamzami N, Wakeham A, Hakem R, Yoshida H, Kong YY, Mak
TW, Zuiniga-Pfliicker JC, Kroemer G, Penninger JM. (2001) Essential role of the
mitochondrial apoptosis-inducing factor in programmed cell death. Nature . 410, 549-54.

van Loo G, Schotte P, van Gurp M, Demol H, Hoorelbeke B, Gevaert K, Rodriguez I,
Ruiz-Carrillo A, Vandekerckhove J, Declercq W, Beyaert R, Vandenabeele P. (2001)
Endonuclease G: a mitochondrial protein released in apoptosis and involved in caspase-
independent DNA degradation. Cell Death Differ. . 8, 1136-42.

Nikoletopoulou V, Markaki M, Palikaras K, Tavernarakis N. (2013) Crosstalk between
apoptosis, necrosis and autophagy. Biochim. Biophys. Acta . 1833, 3448-59.

Jaeschke H, McGill MR, Ramachandran A. (2012) Oxidant stress, mitochondria, and cell
death mechanisms in drug-induced liver injury: lessons learned from acetaminophen
hepatotoxicity. Drug Metab. Rev. . 44, 88—106.

Bajt ML, Cover C, Lemasters JJ, Jaeschke H. (2006) Nuclear translocation of
endonuclease G and apoptosis-inducing factor during acetaminophen-induced liver cell
injury. Toxicol. Sci. Off. J. Soc. Toxicol. . 94, 217-25.

Zhang Y-F, He W, Zhang C, Liu X-J, Lu Y, Wang H, Zhang Z-H, Chen X, Xu D-X.
(2014) Role of receptor interacting protein (RIP)1 on apoptosis-inducing factor-mediated
necroptosis during acetaminophen-evoked acute liver failure in mice. Toxicol. Lett. . 225,
445-53.

Takemoto K, Hatano E, Iwaisako K, Takeiri M, Noma N, Ohmae S, Toriguchi K, Tanabe
K, Tanaka H, Seo S, Taura K, Machida K, Takeda N, Saji S, Uemoto S, Asagiri M. (2014)
Necrostatin-1 protects against reactive oxygen species (ROS)-induced hepatotoxicity in
acetaminophen-induced acute liver failure. FEBS Open Bio . 4, 777-87.

Dara L, Johnson H, Suda J, Win S, Gaarde W, Han D, Kaplowitz N. (2015) Receptor
interacting protein kinase 1 mediates murine acetaminophen toxicity independent of the
necrosome and not through necroptosis. Hepatol. Baltim. Md . 62, 1847-57.

Vandenabeele P, Galluzzi L, Vanden Berghe T, Kroemer G. (2010) Molecular
mechanisms of necroptosis: an ordered cellular explosion. Nat Rev Mol Cell Biol . 11,
700-14.

Zong WX, Ditsworth D, Bauer DE, Wang ZQ, Thompson CB. (2004) Alkylating DNA
damage stimulates a regulated form of necrotic cell death. Genes Dev . 18, 1272-82.

Galluzzi L, Kroemer G. (2008) Necroptosis: a specialized pathway of programmed
necrosis. Cell . 135, 1161-3.

Cho YS, Challa S, Moquin D, Genga R, Ray TD, Guildford M, Chan FK. (2009)
Phosphorylation-driven assembly of the RIP1-RIP3 complex regulates programmed
necrosis and virus-induced inflammation. Cell . 137, 1112-23.

He S, Wang L, Miao L, Wang T, Du F, Zhao L, Wang X. (2009) Receptor interacting
protein kinase-3 determines cellular necrotic response to TNF-alpha. Cell . 137, 1100-11.

Zhang DW, Shao J, Lin J, Zhang N, Lu BJ, Lin SC, Dong MQ, Han J. (2009) RIP3, an

energy metabolism regulator that switches TNF-induced cell death from apoptosis to
necrosis. Science . 325, 332-6.

31



12
13
14
15

16
17

18
19

20
21

22
23
24

25
26
27
28
29

30
31
32
33

34
35
36
37

38
39
40

41
42
43

70.

71.

72.

73.

74,

75.

76.

71.

78.

79.

80.

81.

82.

83.

Wallach D, Kovalenko A, Kang TB. (2011) ‘Necrosome’-induced inflammation: must
cells die for it? Trends Immunol . 32, 505-9.

Wang H, Sun L, Su L, Rizo J, Liu L, Wang LF, Wang FS, Wang X. (2014) Mixed lineage
kinase domain-like protein MLKL causes necrotic membrane disruption upon
phosphorylation by RIP3. Mol Cell . 54, 133—46.

Declercq W, Vanden Berghe T, Vandenabeele P. (2009) RIP kinases at the crossroads of
cell death and survival. Cell . 138, 229-32.

Los M, Mozoluk M, Ferrari D, Stepczynska A, Stroh C, Renz A, Herceg Z, Wang ZQ,
Schulze-Osthoff K. (2002) Activation and caspase-mediated inhibition of PARP: a
molecular switch between fibroblast necrosis and apoptosis in death receptor signaling.
Mol Biol Cell . 13, 978-88.

Sosna J, Voigt S, Mathieu S, Lange A, Thon L, Davarnia P, Herdegen T, Linkermann A,
Rittger A, Chan FK, Kabelitz D, Schutze S, Adam D. (2014) TNF-induced necroptosis
and PARP-1-mediated necrosis represent distinct routes to programmed necrotic cell
death. Cell Mol Life Sci . 71, 331-48.

Hassa PO. (2009) The molecular ‘Jekyll and Hyde’ duality of PARP1 in cell death and
cell survival. Front Biosci Landmark Ed . 14, 72-111.

Sun X, Lee J, Navas T, Baldwin DT, Stewart TA, Dixit VM. (1999) RIP3, a novel
apoptosis-inducing kinase. J Biol Chem . 274, 16871-5.

de Vasconcelos NM, Van Opdenbosch N, Lamkanfi M. (2016) Inflammasomes as
polyvalent cell death platforms. Cell. Mol. Life Sci. CMLS . 73, 2335-47.

Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, Zhuang Y, Cai T, Wang F, Shao F.
(2015) Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death.
Nature . 526, 660-5.

Kayagaki N, Stowe IB, Lee BL, O’Rourke K, Anderson K, Warming S, Cuellar T, Haley
B, Roose-Girma M, Phung QT, Liu PS, Lill JR, Li H, Wu J, Kummerfeld S, Zhang J, Lee
WP, Snipas SJ, Salvesen GS, Morris LX, Fitzgerald L, Zhang Y, Bertram EM, Goodnow
CC, Dixit VM. (2015) Caspase-11 cleaves gasdermin D for non-canonical inflammasome
signalling. Nature . 526, 666—71.

Iyer SS, Pulskens WP, Sadler JJ, Butter LM, Teske GJ, Ulland TK, Eisenbarth SC,
Florquin S, Flavell RA, Leemans JC, Sutterwala FS. (2009) Necrotic cells trigger a sterile
inflammatory response through the Nlrp3 inflammasome. Proc Natl Acad Sci U A . 106,
20388-93.

Sagulenko V, Thygesen SJ, Sester DP, Idris A, Cridland JA, Vajjhala PR, Roberts TL,
Schroder K, Vince JE, Hill JM, Silke J, Stacey KJ. (2013) AIM2 and NLRP3
inflammasomes activate both apoptotic and pyroptotic death pathways via ASC. Cell
Death Differ. . 20, 1149—-60.

Vajjhala PR, Lu A, Brown DL, Pang SW, Sagulenko V, Sester DP, Cridland SO, Hill JM,
Schroder K, Stow JL, Wu H, Stacey KJ. (2015) The Inflammasome Adaptor ASC Induces
Procaspase-8 Death Effector Domain Filaments. J. Biol. Chem. . 290, 29217-30.

Czaja MJ, Ding WX, Donohue TM, Friedman SL, Kim JS, Komatsu M, Lemasters JJ,

Lemoine A, Lin JD, Ou JH, Perlmutter DH, Randall G, Ray RB, Tsung A, Yin XM.
(2013) Functions of autophagy in normal and diseased liver. Autophagy . 9, 1131-58.

32



11
12

13
14
15

16
17
18

19
20
21

22
23
24

25
26
27
28

29
30
31

32
33
34

35
36
37
38
39
40
41
42
43

84.

85.

86.

87.

88.

9.

90.

91.

92.

93.

94.

95.

96.

Choi AMK, Ryter SW, Levine B. (2013) Autophagy in human health and disease. N.
Engl. J. Med. . 368, 651-62.

Ueno T, Ezaki J, Kominami E. (2012) Metabolic contribution of hepatic autophagic
proteolysis: old wine in new bottles. Biochim Biophys Acta . 1824, 51-8.

Mortimore GE, Hutson NJ, Surmacz CA. (1983) Quantitative correlation between

proteolysis and macro- and microautophagy in mouse hepatocytes during starvation and
refeeding. Proc. Natl. Acad. Sci. U. S. A. . 80, 2179-83.

Perlmutter DH. (2011) Alpha-1-antitrypsin deficiency: importance of proteasomal and
autophagic degradative pathways in disposal of liver disease-associated protein
aggregates. Annu Rev Med . 62, 333-45.

Ni HM, Bockus A, Boggess N, Jaeschke H, Ding WX. (2012) Activation of autophagy
protects against acetaminophen-induced hepatotoxicity. Hepatology . 55, 222-32.

Ding WX, Li M, Chen X, Ni HM, Lin CW, Gao W, Lu B, Stolz DB, Clemens DL, Yin
XM. (2010) Autophagy reduces acute ethanol-induced hepatotoxicity and steatosis in
mice. Gastroenterology . 139, 1740-52.

Boya P, Gonzalez-Polo RA, Casares N, Perfettini JL, Dessen P, Larochette N, Metivier D,
Meley D, Souquere S, Yoshimori T, Pierron G, Codogno P, Kroemer G. (2005) Inhibition
of macroautophagy triggers apoptosis. Mol Cell Biol . 25, 1025-40.

Pattingre S, Tassa A, Qu X, Garuti R, Liang XH, Mizushima N, Packer M, Schneider MD,
Levine B. (2005) Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy. Cell .
122, 927-39.

Lamy L, Ngo VN, Emre NCT, Shaffer AL, Yang Y, Tian E, Nair V, Kruhlak MJ, Zingone
A, Landgren O, Staudt LM. (2013) Control of autophagic cell death by caspase-10 in
multiple myeloma. Cancer Cell . 23, 435-49.

Liu Y, Shoji-Kawata S, Sumpter RM, Wei Y, Ginet V, Zhang L, Posner B, Tran KA,
Green DR, Xavier RJ, Shaw SY, Clarke PGH, Puyal J, Levine B. (2013) Autosis is a
Na+,K+-ATPase-regulated form of cell death triggered by autophagy-inducing peptides,
starvation, and hypoxia-ischemia. Proc. Natl. Acad. Sci. U. S. A. . 110, 20364-71.

Shimizu S, Kanaseki T, Mizushima N, Mizuta T, Arakawa-Kobayashi S, Thompson CB,
Tsujimoto Y. (2004) Role of Bcl-2 family proteins in a non-apoptotic programmed cell
death dependent on autophagy genes. Nat. Cell Biol. . 6, 1221-8.

Yu L, Wan F, Dutta S, Welsh S, Liu Z, Freundt E, Bachrecke EH, Lenardo M. (2006)
Autophagic programmed cell death by selective catalase degradation. Proc. Natl. Acad.
Sci. U. S. A. . 103, 4952-7.

Klionsky DJ, Abeliovich H, Agostinis P, Agrawal DK, Aliev G, Askew DS, Baba M,
Bacehrecke EH, Bahr BA, Ballabio A, Bamber BA, Bassham DC, Bergamini E, Bi X,
Biard-Piechaczyk M, Blum JS, Bredesen DE, Brodsky JL, Brumell JH, Brunk UT, Bursch
W, Camougrand N, Cebollero E, Cecconi F, Chen Y, Chin LS, Choi A, Chu CT, Chung J,
Clarke PG, Clark RS, Clarke SG, Clave C, Cleveland JL, Codogno P, Colombo MI, Coto-
Montes A, Cregg JM, Cuervo AM, Debnath J, Demarchi F, Dennis PB, Dennis PA,

Deretic V, Devenish RJ, Di Sano F, Dice JF, Difiglia M, Dinesh-Kumar S, Distelhorst
CW, Djavaheri-Mergny M, Dorsey FC, Droge W, Dron M, Dunn WA, Duszenko M, Eissa
NT, Elazar Z, Esclatine A, Eskelinen EL, Fesus L, Finley KD, Fuentes JM, Fueyo J,

33



cONOOUL A WN

26
27
28

29
30

31
32
33

34
35
36
37

38
39

40
41

42
43

44
45
46

97.

98.

99.

100.

101.

102.

103.

104.

Fujisaki K, Galliot B, Gao FB, Gewirtz DA, Gibson SB, Gohla A, Goldberg AL, Gonzalez
R, Gonzalez-Estevez C, Gorski S, Gottlieb RA, Haussinger D, He YW, Heidenreich K,
Hill JA, Hoyer-Hansen M, Hu X, Huang WP, Iwasaki A, Jaattela M, Jackson WT, Jiang
X, Jin S, Johansen T, Jung JU, Kadowaki M, Kang C, Kelekar A, Kessel DH, Kiel JA,
Kim HP, Kimchi A, Kinsella TJ, Kiselyov K, Kitamoto K, Knecht E, Komatsu M,
Kominami E, Kondo S, Kovacs AL, Kroemer G, Kuan CY, Kumar R, Kundu M, Landry
J, Laporte M, Le W, Lei HY, Lenardo MJ, Levine B, Lieberman A, Lim KL, Lin FC, Liou
W, Liu LF, Lopez-Berestein G, Lopez-Otin C, Lu B, Macleod KF, Malorni W, Martinet
W, Matsuoka K, Mautner J, Meijer AJ, Melendez A, Michels P, Miotto G, Mistiaen WP,
Mizushima N, Mograbi B, Monastyrska I, Moore MN, Moreira PI, Moriyasu Y, Motyl T,
Munz C, Murphy LO, Naqvi NI, Neufeld TP, Nishino I, Nixon RA, Noda T, Nurnberg B,
Ogawa M, Oleinick NL, Olsen LJ, Ozpolat B, Paglin S, Palmer GE, Papassideri I, Parkes
M, Perlmutter DH, Perry G, Piacentini M, Pinkas-Kramarski R, Prescott M, Proikas-
Cezanne T, Raben N, Rami A, Reggiori F, Rohrer B, Rubinsztein DC, Ryan KM,
Sadoshima J, Sakagami H, Sakai Y, Sandri M, Sasakawa C, Sass M, Schneider C, Seglen
PO, Seleverstov O, Settleman J, Shacka JJ, Shapiro IM, Sibirny A, Silva-Zacarin EC,
Simon HU, Simone C, Simonsen A, Smith MA, Spanel-Borowski K, Srinivas V, Steeves
M, Stenmark H, Stromhaug PE, Subauste CS, Sugimoto S, Sulzer D, Suzuki T, Swanson
MS, Tabas I, Takeshita F, Talbot NJ, Talloczy Z, Tanaka K, Tanaka K, Tanida I, Taylor
GS, Taylor JP, Terman A, Tettamanti G, Thompson CB, Thumm M, Tolkovsky AM,
Tooze SA, Truant R, Tumanovska LV, Uchiyama Y, Ueno T, Uzcategui NL, van der Klei
I, Vaquero EC, Vellai T, Vogel MW, Wang HG, Webster P, Wiley JW, Xi Z, Xiao G,
Yahalom J, Yang JM, Yap G, Yin XM, Yoshimori T, Yu L, Yue Z, Yuzaki M, Zabirnyk
O, Zheng X, Zhu X, Deter RL. (2008) Guidelines for the use and interpretation of assays
for monitoring autophagy in higher eukaryotes. Autophagy . 4, 151-75.

Ding WX, Ni HM, Gao W, Hou YF, Melan MA, Chen X, Stolz DB, Shao ZM, Yin XM.
(2007) Difterential effects of endoplasmic reticulum stress-induced autophagy on cell
survival. J Biol Chem . 282, 4702-10.

Eguchi Y, Shimizu S, Tsujimoto Y. (1997) Intracellular ATP levels determine cell death
fate by apoptosis or necrosis. Cancer Res . 57, 1835-40.

Baritaud M, Cabon L, Delavallee L, Galan-Malo P, Gilles ME, Brunelle-Navas MN, Susin
SA. (2012) AlF-mediated caspase-independent necroptosis requires ATM and DNA-PK-
induced histone H2AX Ser139 phosphorylation. Cell Death Dis . 3, €390.

Brady CA, Jiang D, Mello SS, Johnson TM, Jarvis LA, Kozak MM, Kenzelmann Broz D,
Basak S, Park EJ, McLaughlin ME, Karnezis AN, Attardi LD. (2011) Distinct p53
transcriptional programs dictate acute DNA-damage responses and tumor suppression.
Cell . 145, 571-83.

Riley T, Sontag E, Chen P, Levine A. (2008) Transcriptional control of human p53-
regulated genes. Nat Rev Mol Cell Biol . 9, 402—12.

Green DR, Kroemer G. (2009) Cytoplasmic functions of the tumour suppressor p53.
Nature . 458, 1127-30.

Vaseva AV, Moll UM. (2009) The mitochondrial p53 pathway. Biochim Biophys Acta .
1787, 414-20.

Tu HC, Ren D, Wang GX, Chen DY, Westergard TD, Kim H, Sasagawa S, Hsieh JJ,

Cheng EH. (2009) The p53-cathepsin axis cooperates with ROS to activate programmed
necrotic death upon DNA damage. Proc Natl Acad Sci U A . 106, 1093-8.

34



10
11

12
13
14

15
16
17

18
19

20
21

22
23
24
25

26
27

28
29
30

31
32
33

34
35
36
37

38
39
40
41

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Sanli T, Steinberg GR, Singh G, Tsakiridis T. (2014) AMP-activated protein kinase
(AMPK) beyond metabolism: a novel genomic stress sensor participating in the DNA
damage response pathway. Cancer Biol Ther . 15, 156-69.

Chipuk JE, Moldoveanu T, Llambi F, Parsons MJ, Green DR. (2010) The BCL-2 family
reunion. Mol Cell . 37, 299-310.

Rinella ME, Sanyal AJ. (2015) NAFLD in 2014: Genetics, diagnostics and therapeutic
advances in NAFLD. Nat Rev Gastroenterol Hepatol . 12, 65—6.

Armstrong MJ, Adams LA, Canbay A, Syn W-K. (2014) Extrahepatic complications of
nonalcoholic fatty liver disease. Hepatol. Baltim. Md . 59, 1174-97.

Angulo P, Machado MV, Diehl AM. (2015) Fibrosis in nonalcoholic Fatty liver disease:
mechanisms and clinical implications. Semin Liver Dis . 35, 132-45.

Feldstein AE, Canbay A, Angulo P, Taniai M, Burgart LJ, Lindor KD, Gores GJ. (2003)
Hepatocyte apoptosis and fas expression are prominent features of human nonalcoholic
steatohepatitis. Gastroenterology . 125, 437-43.

Feldstein AE, Werneburg NW, Canbay A, Guicciardi ME, Bronk SF, Rydzewski R,
Burgart LJ, Gores GJ. (2004) Free fatty acids promote hepatic lipotoxicity by stimulating
TNF-alpha expression via a lysosomal pathway. Hepatol. Baltim. Md . 40, 185-94.

Angulo P, Keach JC, Batts KP, Lindor KD. (1999) Independent predictors of liver fibrosis
in patients with nonalcoholic steatohepatitis. Hepatology . 30, 1356-62.

Arguello G, Balboa E, Arrese M, Zanlungo S. (2015) Recent insights on the role of
cholesterol in non-alcoholic fatty liver disease. Biochim Biophys Acta . 1852, 1765-78.

Yamada K, Mizukoshi E, Sunagozaka H, Arai K, Yamashita T, Takeshita Y, Misu H,
Takamura T, Kitamura S, Zen Y, Nakanuma Y, Honda M, Kaneko S. (2015)
Characteristics of hepatic fatty acid compositions in patients with nonalcoholic
steatohepatitis. Liver Int . 35, 582-90.

Malhi H, Barreyro FJ, Isomoto H, Bronk SF, Gores GJ. (2007) Free fatty acids sensitise
hepatocytes to TRAIL mediated cytotoxicity. Gut . 56, 1124-31.

Barreyro FJ, Kobayashi S, Bronk SF, Werneburg NW, Malhi H, Gores GJ. (2007)
Transcriptional regulation of Bim by FoxO3A mediates hepatocyte lipoapoptosis. J. Biol.
Chem. . 282, 27141-54.

Akazawa Y, Cazanave S, Mott JL, Elmi N, Bronk SF, Kohno S, Charlton MR, Gores Gl.
(2010) Palmitoleate attenuates palmitate-induced Bim and PUMA up-regulation and
hepatocyte lipoapoptosis. J Hepatol . 52, 586-93.

Ribeiro PS, Cortez-Pinto H, Sola S, Castro RE, Ramalho RM, Baptista A, Moura MC,
Camilo ME, Rodrigues CM. (2004) Hepatocyte apoptosis, expression of death receptors,
and activation of NF-kappaB in the liver of nonalcoholic and alcoholic steatohepatitis
patients. Am J Gastroenterol . 99, 1708-17.

Leers MP, Kolgen W, Bjorklund V, Bergman T, Tribbick G, Persson B, Bjorklund P,
Ramaekers FC, Bjorklund B, Nap M, Jornvall H, Schutte B. (1999) Immunocytochemical
detection and mapping of a cytokeratin 18 neo-epitope exposed during early apoptosis. J.
Pathol. . 187, 567-72.

35



19
20

21
22

23
24
25

26
27

28
29
30
31

32
33
34
35

36
37

38
39
40

41
42

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Wieckowska A, Zein NN, Yerian LM, Lopez AR, McCullough AJ, Feldstein AE. (2006)
In vivo assessment of liver cell apoptosis as a novel biomarker of disease severity in
nonalcoholic fatty liver disease. Hepatology . 44, 27-33.

Csak T, Dolganiuc A, Kodys K, Nath B, Petrasek J, Bala S, Lippai D, Szabo G. (2011)
Mitochondrial antiviral signaling protein defect links impaired antiviral response and liver
injury in steatohepatitis in mice. Hepatology . 53, 1917-31.

Afonso MB, Rodrigues PM, Carvalho T, Caridade M, Borralho P, Cortez-Pinto H, Castro
RE, Rodrigues CMP. (2015) Necroptosis is a key pathogenic event in human and
experimental murine models of non-alcoholic steatohepatitis. Clin. Sci. Lond. Engl. 1979 .
129, 721-39.

Vucur M, Reisinger F, Gautheron J, Janssen J, Roderburg C, Cardenas DV,
Kreggenwinkel K, Koppe C, Hammerich L, Hakem R, Unger K, Weber A, Gassler N,
Luedde M, Frey N, Neumann UP, Tacke F, Trautwein C, Heikenwalder M, Luedde T.
(2013) RIP3 inhibits inflammatory hepatocarcinogenesis but promotes cholestasis by
controlling caspase-8- and JNK-dependent compensatory cell proliferation. Cell Rep. . 4,
776-90.

Moriwaki K, Chan FKM. (2014) Necrosis-dependent and independent signaling of the
RIP kinases in inflammation. Cytokine Growth Factor Rev. . 25, 167-74.

Ibrahim SH, Hirsova P, Malhi H, Gores GJ. (2016) Animal Models of Nonalcoholic
Steatohepatitis: Eat, Delete, and Inflame. Dig. Dis. Sci. . 61, 1325-36.

London RM, George J. (2007) Pathogenesis of NASH: animal models. Clin. Liver Dis. .
11, 55-74, viii.

Hatting M, Zhao G, Schumacher F, Sellge G, Al Masaoudi M, Galer N, Boekschoten M,
Miiller M, Liedtke C, Cubero FJ, Trautwein C. (2013) Hepatocyte caspase-8 is an
essential modulator of steatohepatitis in rodents. Hepatol. Baltim. Md . 57, 2189-201.

Canbay A, Friedman S, Gores GJ. (2004) Apoptosis: the nexus of liver injury and fibrosis.
Hepatol. Baltim. Md . 39, 273-8.

De Vito R, Alisi A, Masotti A, Ceccarelli S, Panera N, Citti A, Salata M, Valenti L,
Feldstein AE, Nobili V. (2012) Markers of activated inflammatory cells correlate with
severity of liver damage in children with nonalcoholic fatty liver disease. Int J Mol Med .
30, 49-56.

Syn W-K, Oo YH, Pereira TA, Karaca GF, Jung Y, Omenetti A, Witek RP, Choi SS, Guy
CD, Fearing CM, Teaberry V, Pereira FEL, Adams DH, Diehl AM. (2010) Accumulation
of natural killer T cells in progressive nonalcoholic fatty liver disease. Hepatol. Baltim.
Md . 51, 1998-2007.

Hirsova P, Gores GJ. (2015) Death Receptor-Mediated Cell Death and Proinflammatory
Signaling in Nonalcoholic Steatohepatitis. Cell. Mol. Gastroenterol. Hepatol. . 1, 17-27.

Tosello-Trampont AC, Landes SG, Nguyen V, Novobrantseva TI, Hahn YS. (2012)
Kuppfer cells trigger nonalcoholic steatohepatitis development in diet-induced mouse
model through tumor necrosis factor-alpha production. J Biol Chem . 287, 40161-72.

Canbay A, Feldstein AE, Higuchi H, Werneburg N, Grambihler A, Bronk SF, Gores GJ.
(2003) Kupffer cell engulfment of apoptotic bodies stimulates death ligand and cytokine

36



10
11

12
13
14
15

16
17
18
19
20

21
22
23

24
25
26

27
28
29
30

31
32
33

34
35

36
37

38
39

40
41

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

expression. Hepatol. Baltim. Md . 38, 1188-98 %U
http://www.ncbi.nlm.nih.gov/pubmed/14578857.

Schneider JL, Cuervo AM. (2014) Liver autophagy: much more than just taking out the
trash. Nat Rev Gastroenterol Hepatol . 11, 187-200.

Amir M, Czaja MJ. (2011) Autophagy in nonalcoholic steatohepatitis. Expert Rev
Gastroenterol Hepatol . 5, 159—66.

Gual P, Le Marchand-Brustel Y, Tanti JF. (2005) Positive and negative regulation of
insulin signaling through IRS-1 phosphorylation. Biochimie . 87, 99-109.

Liu HY, Cao SY, Hong T, Han J, Liu Z, Cao W. (2009) Insulin is a stronger inducer of
insulin resistance than hyperglycemia in mice with type 1 diabetes mellitus (T1DM). J
Biol Chem . 284, 27090-100.

Fukuo Y, Yamashina S, Sonoue H, Arakawa A, Nakadera E, Aoyama T, Uchiyama A,
Kon K, Ikejima K, Watanabe S. (2014) Abnormality of autophagic function and cathepsin
expression in the liver from patients with non-alcoholic fatty liver disease. Hepatol Res .
44, 1026-36.

Gonzalez-Rodriguez A, Mayoral R, Agra N, Valdecantos MP, Pardo V, Miquilena-Colina
ME, Vargas-Castrillon J, Lo lacono O, Corazzari M, Fimia GM, Piacentini M, Muntane J,
Bosca L, Garcia-Monzon C, Martin-Sanz P, Valverde AM. (2014) Impaired autophagic
flux is associated with increased endoplasmic reticulum stress during the development of
NAFLD. Cell Death Dis . 5, e1179.

Hernandez-Gea V, Ghiassi-Nejad Z, Rozenfeld R, Gordon R, Fiel MI, Yue Z, Czaja M]J,
Friedman SL. (2012) Autophagy releases lipid that promotes fibrogenesis by activated
hepatic stellate cells in mice and in human tissues. Gastroenterology . 142, 938—46.

Wree A, McGeough MD, Pena CA, Schlattjan M, Li H, Inzaugarat ME, Messer K,
Canbay A, Hoffman HM, Feldstein AE. (2014) NLRP3 inflammasome activation is
required for fibrosis development in NAFLD. J Mol Med Berl . 92, 1069-82.

Wree A, Schlattjan M, Bechmann LP, Claudel T, Sowa J-P, Stojakovic T, Scharnagl H,
Kofeler H, Baba HA, Gerken G, Feldstein AE, Trauner M, Canbay A. (2014) Adipocyte
cell size, free fatty acids and apolipoproteins are associated with non-alcoholic liver injury
progression in severely obese patients. Metabolism. . 63, 1542-52.

Musso G, Gambino R, Cassader M, Pagano G. (2011) Meta-analysis: natural history of
non-alcoholic fatty liver disease (NAFLD) and diagnostic accuracy of non-invasive tests
for liver disease severity. Ann Med . 43, 617-49.

Eguchi A, Wree A, Feldstein AE. (2014) Biomarkers of liver cell death. J Hepatol . 60,
1063-74.

Bataller R, Gao B. (2015) Liver fibrosis in alcoholic liver disease. Semin Liver Dis . 35,
146-56.

Szabo G, Mandrekar P. (2009) A recent perspective on alcohol, immunity, and host
defense. Alcohol Clin Exp Res . 33, 220-32.

Natori S, Rust C, Stadheim LM, Srinivasan A, Burgart LJ, Gores GJ. (2001) Hepatocyte
apoptosis is a pathologic feature of human alcoholic hepatitis. J Hepatol . 34, 248-53.

37



10
11
12

13
14
15
16
17

18
19

20
21

22
23
24

25
26
27

28
29
30

31
32

33
34

35
36
37

38
39
40

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Nanji AA, Hiller-Sturmhofel S. (1997) Apoptosis and necrosis: two types of cell death in
alcoholic liver disease. Alcohol Health Res World . 21, 325-30.

Roychowdhury S, McMullen MR, Pisano SG, Liu X, Nagy LE. (2013) Absence of
receptor interacting protein kinase 3 prevents ethanol-induced liver injury. Hepatology .
57, 1773-83.

Gao B, Bataller R. (2011) Alcoholic liver disease: pathogenesis and new therapeutic
targets. Gastroenterology . 141, 1572-85.

Cederbaum Al (1991) Microsomal generation of reactive oxygen species and their
possible role in alcohol hepatotoxicity. Alcohol Alcohol Suppl . 1, 291-6.

Cho EY, Yun C-H, Chae H-Z, Chae H-J, Ahn T. (2008) Anionic phospholipid-induced
regulation of reactive oxygen species production by human cytochrome P450 2E1. FEBS
Lett. . 582, 1771-6.

Wheeler MD, Kono H, Yin M, Nakagami M, Uesugi T, Arteel GE, Gabele E, Rusyn I,
Yamashina S, Froh M, Adachi Y, limuro Y, Bradford BU, Smutney OM, Connor HD,
Mason RP, Goyert SM, Peters JM, Gonzalez FJ, Samulski RJ, Thurman RG. (2001) The
role of Kupffer cell oxidant production in early ethanol-induced liver disease. Free Radic
Biol Med . 31, 1544-9.

Hoek JB, Cahill A, Pastorino JG. (2002) Alcohol and mitochondria: a dysfunctional
relationship. Gastroenterology . 122, 2049-63.

Ji C, Deng Q, Kaplowitz N. (2004) Role of TNF-alpha in ethanol-induced
hyperhomocysteinemia and murine alcoholic liver injury. Hepatology . 40, 442-51.

Gustot T, Lemmers A, Moreno C, Nagy N, Quertinmont E, Nicaise C, Franchimont D,
Louis H, Deviere J, Le Moine O. (2006) Differential liver sensitization to toll-like receptor
pathways in mice with alcoholic fatty liver. Hepatology . 43, 989—1000.

Hines IN, Wheeler MD. (2004) Recent advances in alcoholic liver disease III. Role of the
innate immune response in alcoholic hepatitis. Am J Physiol Gastrointest Liver Physiol .
287, G310-4.

Noh BK, Lee JK, Jun HJ, Lee JH, Jia Y, Hoang MH, Kim JW, Park KH, Lee SJ. (2011)
Restoration of autophagy by puerarin in ethanol-treated hepatocytes via the activation of
AMP-activated protein kinase. Biochem Biophys Res Commun . 414, 361-6.

Sid B, Verrax J, Calderon PB. (2013) Role of AMPK activation in oxidative cell damage:
Implications for alcohol-induced liver disease. Biochem Pharmacol . 86, 200-9.

Louvet A, Mathurin P. (2015) Alcoholic liver disease: mechanisms of injury and targeted
treatment. Nat Rev Gastroenterol Hepatol . 12, 231-42.

Guicciardi ME, Gores GJ. (2002) Bile acid-mediated hepatocyte apoptosis and cholestatic
liver disease. Dig. Liver Dis. Off. J. Ital. Soc. Gastroenterol. Ital. Assoc. Study Liver . 34,
387-92.

Makishima M, Okamoto AY, Repa JJ, Tu H, Learned RM, Luk A, Hull MV, Lustig KD,

Mangelsdorf DJ, Shan B. (1999) Identification of a nuclear receptor for bile acids. Science
. 284, 1362-5.

38



11
12
13

14
15
16
17

18
19

20
21
22

23
24
25

26
27
28
29

30
31
32
33

34
35
36

37
38
39
40

41
42
43

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Sinal CJ, Tohkin M, Miyata M, Ward JM, Lambert G, Gonzalez FJ. (2000) Targeted
disruption of the nuclear receptor FXR/BAR impairs bile acid and lipid homeostasis. Cell .
102, 731-44.

Miyoshi H, Rust C, Roberts PJ, Burgart LJ, Gores GJ. (1999) Hepatocyte apoptosis after
bile duct ligation in the mouse involves Fas. Gastroenterology . 117, 669-77.

Torchia EC, Stolz A, Agellon LB. (2001) Differential modulation of cellular death and
survival pathways by conjugated bile acids. BMC Biochem . 2, 11.

Scott FL, Stec B, Pop C, Dobaczewska MK, Lee JJ, Monosov E, Robinson H, Salvesen
GS, Schwarzenbacher R, Riedl SJ. (2009) The Fas-FADD death domain complex
structure unravels signalling by receptor clustering. Nature . 457, 1019-22.

Sodeman T, Bronk SF, Roberts PJ, Miyoshi H, Gores GJ. (2000) Bile salts mediate
hepatocyte apoptosis by increasing cell surface trafficking of Fas. Am. J. Physiol.
Gastrointest. Liver Physiol. . 278, G992-999.

Schattenberg JM, Zimmermann T, Worns M, Sprinzl MF, Kreft A, Kohl T, Nagel M,
Siebler J, Schulze Bergkamen H, He YW, Galle PR, Schuchmann M. (2011) Ablation of
c-FLIP in hepatocytes enhances death-receptor mediated apoptosis and toxic liver injury
in vivo. J Hepatol . 55, 1272-80.

Hatano E. (2007) Tumor necrosis factor signaling in hepatocyte apoptosis. J Gastroenterol
Hepatol . 22 Suppl 1, S43-4.

Gabele E, Froh M, Arteel GE, Uesugi T, Hellerbrand C, Scholmerich J, Brenner DA,
Thurman RG, Rippe RA. (2009) TNFalpha is required for cholestasis-induced liver
fibrosis in the mouse. Biochem Biophys Res Commun . 378, 348-53.

Tiao MM, Lin TK, Liou CW, Wang PW, Chen JB, Kuo FY, Huang CC, Chou YM,
Chuang JH. (2009) Early transcriptional deregulation of hepatic mitochondrial biogenesis
and its consequent effects on murine cholestatic liver injury. Apoptosis . 14, 890-9.

Takehara T, Tatsumi T, Suzuki T, Rucker EB 3rd, Hennighausen L, Jinushi M, Miyagi T,
Kanazawa Y, Hayashi N. (2004) Hepatocyte-specific disruption of Bcl-xL leads to
continuous hepatocyte apoptosis and liver fibrotic responses. Gastroenterology . 127,
1189-97.

Vick B, Weber A, Urbanik T, Maass T, Teufel A, Krammer PH, Opferman JT,
Schuchmann M, Galle PR, Schulze-Bergkamen H. (2009) Knockout of myeloid cell
leukemia-1 induces liver damage and increases apoptosis susceptibility of murine
hepatocytes. Hepatology . 49, 627-36.

Canbay A, Taimr P, Torok N, Higuchi H, Friedman S, Gores GJ. (2003) Apoptotic body
engulfment by a human stellate cell line is profibrogenic. Lab. Investig. J. Tech. Methods
Pathol. . 83, 655-63.

Afford SC, Ahmed-Choudhury J, Randhawa S, Russell C, Youster J, Crosby HA,
Eliopoulos A, Hubscher SG, Young LS, Adams DH. (2001) CD40 activation-induced,
Fas-dependent apoptosis and NF-kappaB/AP-1 signaling in human intrahepatic biliary
epithelial cells. FASEB J . 15, 2345-54.

Fickert P, Trauner M, Fuchsbichler A, Zollner G, Wagner M, Marschall HU, Zatloukal K,

Denk H. (2005) Oncosis represents the main type of cell death in mouse models of
cholestasis. J Hepatol . 42, 378-85.

39



w N

NOoO b

10
11

12
13

14
15
16

17
18
19
20

21
22
23
24
25

26
27
28

29
30

31
32
33

34
35

36
37
38

39
40
41

42
43

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Canbay A, Feldstein A, Baskin-Bey E, Bronk SF, Gores GJ. (2004) The caspase inhibitor
IDN-6556 attenuates hepatic injury and fibrosis in the bile duct ligated mouse. J
Pharmacol Exp Ther . 308, 1191-6.

Denk G, Omary A-J, Reiter FP, Hohenester S, Wimmer R, Holdenrieder S, Rust C. (2014)
Soluble intracellular adhesion molecule, M30 and M65 as serum markers of discase
activity and prognosis in cholestatic liver diseases. Hepatol. Res. Off. J. Jpn. Soc. Hepatol.
.44, 1286-98.

Woolbright BL, Dorko K, Antoine DJ, Clarke JI, Gholami P, Li F, Kumer SC, Schmitt
TM, Forster J, Fan F, Jenkins RE, Park BK, Hagenbuch B, Olyaee M, Jaeschke H. (2015)
Bile acid-induced necrosis in primary human hepatocytes and in patients with obstructive
cholestasis. Toxicol. Appl. Pharmacol. . 283, 168—77.

Beuers U, Trauner M, Jansen P, Poupon R. (2015) New paradigms in the treatment of
hepatic cholestasis: from UDCA to FXR, PXR and beyond. J Hepatol . 62, S25-37.

Rodrigues CM, Fan G, Ma X, Kren BT, Steer CJ. (1998) A novel role for ursodeoxycholic
acid in inhibiting apoptosis by modulating mitochondrial membrane perturbation. J Clin
Invest . 101, 2790-9.

Rodrigues CM, Ma X, Linehan-Stieers C, Fan G, Kren BT, Steer CJ. (1999)
Ursodeoxycholic acid prevents cytochrome c release in apoptosis by inhibiting
mitochondrial membrane depolarization and channel formation. Cell Death Differ . 6,
842-54.

Lindor KD, Kowdley KV, Luketic VAC, Harrison ME, McCashland T, Befeler AS,
Harnois D, Jorgensen R, Petz J, Keach J, Mooney J, Sargeant C, Braaten J, Bernard T,
King D, Miceli E, Schmoll J, Hoskin T, Thapa P, Enders F. (2009) High-dose
ursodeoxycholic acid for the treatment of primary sclerosing cholangitis. Hepatol. Baltim.
Md . 50, 808—14.

Chapman R, Fevery J, Kalloo A, Nagorney DM, Boberg KM, Shneider B, Gores GJ,
American Association for the Study of Liver Diseases. (2010) Diagnosis and management
of primary sclerosing cholangitis. Hepatol. Baltim. Md . 51, 660-78.

Fischer R, Baumert T, Blum HE. (2007) Hepatitis C virus infection and apoptosis. World
J Gastroenterol . 13, 4865-72.

Kiyici M, Gurel S, Budak F, Dolar E, Gulten M, Nak SG, Memik F. (2003) Fas antigen
(CD95) expression and apoptosis in hepatocytes of patients with chronic viral hepatitis.
Eur J Gastroenterol Hepatol . 15, 1079—84.

Rehermann B. (2013) Pathogenesis of chronic viral hepatitis: differential roles of T cells
and NK cells. Nat Med . 19, 859-68.

Barrett S, Collins M, Kenny C, Ryan E, Keane CO, Crowe J. (2003) Polymorphisms in
tumour necrosis factor-alpha, transforming growth factor-beta, interleukin-10, interleukin-
6, interferon-gamma, and outcome of hepatitis C virus infection. J Med Virol . 71, 212-8.

Abbas Z, Moatter T, Hussainy A, Jafri W. (2005) Effect of cytokine gene polymorphism
on histological activity index, viral load and response to treatment in patients with chronic
hepatitis C genotype 3. World J Gastroenterol . 11, 6656—61.

Bantel H, Liigering A, Heidemann J, Volkmann X, Poremba C, Strassburg CP, Manns
MP, Schulze-Osthoff K. (2004) Detection of apoptotic caspase activation in sera from

40



12
13
14
15

16
17
18

19
20
21
22

23
24
25

26
27
28
29

30
31
32

33
34

35
36

37
38

39
40
41

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

patients with chronic HCV infection is associated with fibrotic liver injury. Hepatol.
Baltim. Md . 40, 1078-87.

Zhu N, Ware CF, Lai MM. (2001) Hepatitis C virus core protein enhances FADD-
mediated apoptosis and suppresses TRADD signaling of tumor necrosis factor receptor.
Virology . 283, 178-87.

Rubbia-Brandt L, Taylor S, Gindre P, Quadri R, Abid K, Spahr L, Negro F. (2002) Lack
of in vivo blockade of Fas- and TNFR1-mediated hepatocyte apoptosis by the hepatitis C
virus. J Pathol . 197, 617-23.

Iken K, Huang L, Bekele H, Schmidt EV, Koziel MJ. (2006) Apoptosis of activated CD4+
and CD8+ T cells is enhanced by co-culture with hepatocytes expressing hepatitis C virus
(HCV) structural proteins through FasL induction. Virology . 346, 363—72.

Gieseler RK, Marquitan G, Schlattjan M, Sowa J-P, Bechmann LP, Timm J, Roggendorf
M, Gerken G, Friedman SL, Canbay A. (2011) Hepatocyte apoptotic bodies encasing
nonstructural HCV proteins amplify hepatic stellate cell activation: implications for
chronic hepatitis C. J. Viral Hepat. . 18, 760-7.

Chen YL, Yu CK, Lei HY. (1999) Propionibacterium acnes induces acute TNFalpha-
mediated apoptosis of hepatocytes followed by inflammatory T-cell-mediated
granulomatous hepatitis in mice. J Biomed Sci . 6, 349-56.

Peppa D, Gill US, Reynolds G, Easom NJ, Pallett LJ, Schurich A, Micco L, Nebbia G,
Singh HD, Adams DH, Kennedy PT, Maini MK. (2013) Up-regulation of a death receptor
renders antiviral T cells susceptible to NK cell-mediated deletion. J Exp Med . 210, 99—
114.

Wang Y, Lu Y, Toh ST, Sung WK, Tan P, Chow P, Chung AY, Jooi LL, Lee CG. (2010)
Lethal-7 is down-regulated by the hepatitis B virus x protein and targets signal transducer
and activator of transcription 3. J Hepatol . 53, 57-66.

Jochum C, Gieseler RK, Gawlista I, Fiedler A, Manka P, Saner FH, Roggendorf M,
Gerken G, Canbay A. (2009) Hepatitis B-Associated Acute Liver Failure: Immediate
Treatment with Entecavir Inhibits Hepatitis B Virus Replication and Potentially Its
Sequelae. Digestion . 80, 235-40.

Sir D, Tian Y, Chen WL, Ann DK, Yen TS, Ou JH. (2010) The early autophagic pathway
is activated by hepatitis B virus and required for viral DNA replication. Proc Natl Acad
SciU A . 107, 4383-8.

Tian Y, Sir D, Kuo CF, Ann DK, Ou JH. (2011) Autophagy required for hepatitis B virus
replication in transgenic mice. J Virol . 85, 13453-6.

Ait-Goughoulte M, Kanda T, Meyer K, Ryerse JS, Ray RB, Ray R. (2008) Hepatitis C
virus genotype la growth and induction of autophagy. J. Virol. . 82, 2241-9.

Dreux M, Gastaminza P, Wieland SF, Chisari FV. (2009) The autophagy machinery is
required to initiate hepatitis C virus replication. Proc Natl Acad Sci U A . 106, 14046-51.

LiJ,LiuY, Wang Z, Liu K, Wang Y, Liu J, Ding H, Yuan Z. (2011) Subversion of

cellular autophagy machinery by hepatitis B virus for viral envelopment. J Virol . 85,
6319-33.

41



w N

NOoO b

10
11

12
13
14
15
16

17
18
19

20
21
22

23
24
25
26
27

28
29
30
31
32

33
34
35
36

37
38
39
40

41
42
43
44

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

de Lujan Alvarez M, Cerliani JP, Monti J, Carnovale C, Ronco MT, Pisani G, Lugano
MC, Carrillo MC. (2002) The in vivo apoptotic effect of interferon alfa-2b on rat
preneoplastic liver involves Bax protein. Hepatology . 35, 824-33.

Hikita H, Kodama T, Shimizu S, Li W, Shigekawa M, Tanaka S, Hosui A, Miyagi T,
Tatsumi T, Kanto T, Hiramatsu N, Morii E, Hayashi N, Takehara T. (2012) Bak
deficiency inhibits liver carcinogenesis: a causal link between apoptosis and
carcinogenesis. J Hepatol . 57, 92-100.

Weber A, Boger R, Vick B, Urbanik T, Haybaeck J, Zoller S, Teufel A, Krammer PH,
Opferman JT, Galle PR, Schuchmann M, Heikenwalder M, Schulze-Bergkamen H. (2010)
Hepatocyte-specific deletion of the antiapoptotic protein myeloid cell leukemia-1 triggers
proliferation and hepatocarcinogenesis in mice. Hepatology . 51, 1226-36.

Bettermann K, Vucur M, Haybaeck J, Koppe C, Janssen J, Heymann F, Weber A,
Weiskirchen R, Liedtke C, Gassler N, Miiller M, de Vos R, Wolf MJ, Boege Y, Seleznik
GM, Zeller N, Erny D, Fuchs T, Zoller S, Cairo S, Buendia M-A, Prinz M, Akira S, Tacke
F, Heikenwalder M, Trautwein C, Luedde T. (2010) TAK1 suppresses a NEMO-
dependent but NF-kappaB-independent pathway to liver cancer. Cancer Cell . 17, 481-96.

Inokuchi S, Aoyama T, Miura K, Osterreicher CH, Kodama Y, Miyai K, Akira S, Brenner
DA, Seki E. (2010) Disruption of TAK1 in hepatocytes causes hepatic injury,
inflammation, fibrosis, and carcinogenesis. Proc Natl Acad Sci U A . 107, 844-9.

Nakamoto Y, Kaneko S, Fan H, Momoi T, Tsutsui H, Nakanishi K, Kobayashi K, Suda T.
(2002) Prevention of hepatocellular carcinoma development associated with chronic
hepatitis by anti-fas ligand antibody therapy. J Exp Med . 196, 1105-11.

Liedtke C, Bangen JM, Freimuth J, Beraza N, Lambertz D, Cubero FJ, Hatting M,
Karlmark KR, Streetz KL, Krombach GA, Tacke F, Gassler N, Riethmacher D, Trautwein
C. (2011) Loss of caspase-8 protects mice against inflammation-related
hepatocarcinogenesis but induces non-apoptotic liver injury. Gastroenterology . 141,
2176-87.

Chen CF, Lee WC, Yang HI, Chang HC, Jen CL, Iloeje UH, Su J, Hsiao CK, Wang LY,
You SL, Lu SN, Chen CJ, Risk Evaluation of Viral Load E, Associated Liver
Disease/Cancer in HBVSG. (2011) Changes in serum levels of HBV DNA and alanine
aminotransferase determine risk for hepatocellular carcinoma. Gastroenterology . 141,
1240-8, 1248-2.

Moriyama M, Matsumura H, Aoki H, Shimizu T, Yamagami H, Shioda A, Kaneko M,
Goto I, Tanaka N, Arakawa Y. (2005) Decreased risk of hepatocellular carcinoma in
patients with chronic hepatitis C whose serum alanine aminotransferase levels became less
than twice the upper limit of normal following interferon therapy. Liver Int . 25, 85-90.

Lee MH, Yang HI, Lu SN, Jen CL, Yeh SH, Liu CJ, Chen PJ, You SL, Wang LY, Chen
W1J, Chen CJ. (2010) Hepatitis C virus seromarkers and subsequent risk of hepatocellular
carcinoma: long-term predictors from a community-based cohort study. J Clin Oncol . 28,
4587-93.

Fingas CD, Altinbas A, Schlattjan M, Beilfuss A, Sowa J-P, Sydor S, Bechmann LP, Ertle
J, Akkiz H, Herzer K, Paul A, Gerken G, Baba HA, Canbay A. (2013) Expression of
Apoptosis- and Vitamin D Pathway-Related Genes in Hepatocellular Carcinoma.
Digestion . 87, 176-81.

42



N

(2}

00 N

10
11
12
13
14

15
16
17

18
19
20

21
22
23
24

25
26
27
28

29
30
31
32

33
34
35
36
37

38
39
40
41

42
43

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

Ding ZB, Shi YH, Zhou J, Qiu SJ, Xu Y, Dai Z, Shi GM, Wang XY, Ke AW, Wu B, Fan
J. (2008) Association of autophagy defect with a malignant phenotype and poor prognosis
of hepatocellular carcinoma. Cancer Res . 68, 9167-75.

Kisen GO, Tessitore L, Costelli P, Gordon PB, Schwarze PE, Baccino FM, Seglen PO.
(1993) Reduced autophagic activity in primary rat hepatocellular carcinoma and ascites
hepatoma cells. Carcinogenesis . 14, 2501-5.

Lee YJ, Hah YJ, Kang YN, Kang KJ, Hwang JS, Chung WJ, Cho KB, Park KS, Kim ES,
Seo HY, Kim MK, Park KG, Jang BK. (2013) The autophagy-related marker LC3 can
predict prognosis in human hepatocellular carcinoma. PLoS One . 8, e81540.

Qu X, YuJ, Bhagat G, Furuya N, Hibshoosh H, Troxel A, Rosen J, Eskelinen Ea
promotes hepatocellular carcinoma cell invasion through activation of, epithelial-
mesenchymal transition. L, Mizushima N, Ohsumi Y, Cattoretti G, Levine B. (2003)
Promotion of tumorigenesis by heterozygous disruption of the beclin 1 autophagy gene. J
Clin Invest . 112, 1809-20.

LiJ, Yang B, Zhou Q, Wu Y, Shang D, Guo Y, Song Z, Zheng Q, Xiong J. (2013)
Autophagy promotes hepatocellular carcinoma cell invasion through activation of
epithelial-mesenchymal transition. Carcinogenesis . 34, 1343-51.

Singal AG, El-Serag HB. (2015) Hepatocellular Carcinoma From Epidemiology to
Prevention: Translating Knowledge into Practice. Clin Gastroenterol Hepatol . 13, 2140—
51.

Tian G, Liu J, Zhou JS, Chen W. (2009) Multiple hepatic arterial injections of
recombinant adenovirus p53 and 5-fluorouracil after transcatheter arterial
chemoembolization for unresectable hepatocellular carcinoma: a pilot phase II trial.
Anticancer Drugs . 20, 389-95.

Sangro B, Mazzolini G, Ruiz M, Ruiz J, Quiroga J, Herrero I, Qian C, Benito A, Larrache
J, Olague C, Boan J, Penuelas I, Sadaba B, Prieto J. (2010) A phase I clinical trial of
thymidine kinase-based gene therapy in advanced hepatocellular carcinoma. Cancer Gene
Ther . 17, 837-43.

Habib N, Salama H, Abd El Latif Abu Median A, Isac Anis I, Abd Al Aziz RA, Sarraf C,
Mitry R, Havlik R, Seth P, Hartwigsen J, Bhushan R, Nicholls J, Jensen S. (2002) Clinical
trial of E1B-deleted adenovirus (d11520) gene therapy for hepatocellular carcinoma.
Cancer Gene Ther . 9, 254-9.

Heo J, Reid T, Ruo L, Breitbach CJ, Rose S, Bloomston M, Cho M, Lim HY, Chung HC,
Kim CW, Burke J, Lencioni R, Hickman T, Moon A, Lee YS, Kim MK, Daneshmand M,
Dubois K, Longpre L, Ngo M, Rooney C, Bell JC, Rhee BG, Patt R, Hwang TH, Kirn
DH. (2013) Randomized dose-finding clinical trial of oncolytic immunotherapeutic
vaccinia JX-594 in liver cancer. Nat Med . 19, 329-36.

Lee FA, Zee BC, Cheung FY, Kwong P, Chiang CL, Leung KC, Siu SW, Lee C, Lai M,
Kwok C, Chong M, Jolivet J, Tung S. (2014) Randomized Phase II Study of the X-linked
Inhibitor of Apoptosis (XIAP) Antisense AEG35156 in Combination With Sorafenib in
Patients With Advanced Hepatocellular Carcinoma (HCC). Am J Clin Oncol .

Fingas CD, Mertens JC, Razumilava N, Sydor S, Bronk SF, Christensen JD, Rizvi SH,
Canbay A, Treckmann JW, Paul A, Sirica AE, Gores GJ. (2013) Polo-like kinase 2 is a

43



O I =%

[Yole I N e))

10

12

13
14
15
16

17

18
19
20

21
22
23

24
25
26

27
28

29
30
31
32

33
34
35

36
37
38

39
40

41
42

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

mediator of hedgehog survival signaling in cholangiocarcinoma. Hepatol. Baltim. Md . 58,
1362-74.

Rizvi S, Eaton JE, Gores GJ. (2015) Primary Sclerosing Cholangitis as a Premalignant
Biliary Tract Disease: Surveillance and Management. Clin Gastroenterol Hepatol . 13,
2152-65.

Lavallard VJ, Bonnafous S, Patouraux S, Saint-Paul MC, Rousseau D, Anty R, Le
Marchand-Brustel Y, Tran A, Gual P. (2011) Serum markers of hepatocyte death and
apoptosis are non invasive biomarkers of severe fibrosis in patients with alcoholic liver
disease. PLoS One . 6, €17599.

Feldstein AE, Wieckowska A, Lopez AR, Liu Y-C, Zein NN, McCullough AJ. (2009)
Cytokeratin-18 fragment levels as noninvasive biomarkers for nonalcoholic
steatohepatitis: a multicenter validation study. Hepatol. Baltim. Md . 50, 1072-8.

Joka D, Wahl K, Moeller S, Schlue J, Vaske B, Bahr MJ, Manns MP, Schulze-Osthoff K,
Bantel H. (2012) Prospective biopsy-controlled evaluation of cell death biomarkers for
prediction of liver fibrosis and nonalcoholic steatohepatitis. Hepatol. Baltim. Md . 55,
455-64.

Van Eyken P, Desmet VJ. (1993) Cytokeratins and the liver. Liver . 13, 113-22.

Gonzalez-Quintela A, Garcia J, Campos J, Perez LF, Alende MR, Otero E, Abdulkader I,
Tome S. (2006) Serum cytokeratins in alcoholic liver disease: contrasting levels of
cytokeratin-18 and cytokeratin-19. Alcohol . 38, 45-9.

Kronenberger B, Wagner M, Herrmann E, Mihm U, Piiper A, Sarrazin C, Zeuzem S.
(2005) Apoptotic cytokeratin 18 neoepitopes in serum of patients with chronic hepatitis C.
J. Viral Hepat. . 12, 307-14.

Jazwinski AB, Thompson AJ, Clark PJ, Naggie S, Tillmann HL, Patel K. (2012) Elevated
serum CK18 levels in chronic hepatitis C patients are associated with advanced fibrosis
but not steatosis. J. Viral Hepat. . 19, 278-82.

Sowa J-P, Heider D, Bechmann LP, Gerken G, Hoffmann D, Canbay A. (2013) Novel
algorithm for non-invasive assessment of fibrosis in NAFLD. PloS One . 8, €62439.

Spahr L, Garcia I, Bresson-Hadni S, Rubbia-Brandt L, Guler R, Olleros M, Chvatchko Y,
Hadengue A. (2004) Circulating concentrations of interleukin-18, interleukin-18 binding
protein, and gamma interferon in patients with alcoholic hepatitis. Liver Int. Off. J. Int.
Assoc. Study Liver . 24, 582-7.

Sekiyama KD, Yoshiba M, Thomson AW. (1994) Circulating proinflammatory cytokines
(IL-1 beta, TNF-alpha, and IL-6) and IL-1 receptor antagonist (IL-1Ra) in fulminant
hepatic failure and acute hepatitis. Clin. Exp. Immunol. . 98, 71-7.

Moschen AR, Molnar C, Enrich B, Geiger S, Ebenbichler CF, Tilg H. (2011) Adipose and
Liver Expression of Interleukin (IL)-1 Family Members in Morbid Obesity and Effects of
Weight Loss. Mol. Med. Camb. Mass . 17, 840-5.

Jung C, Gerdes N, Fritzenwanger M, Figulla HR. (2010) Circulating levels of interleukin-
1 family cytokines in overweight adolescents. Mediators Inflamm. . 2010, 958403.

Martinotti S, Patrone M, Ranzato E. (2015) Emerging roles for HMGBI1 protein in
immunity, inflammation, and cancer. ImmunoTargets Ther. . 4, 101-9.

44



N

(2}

~

10
11

12
13
14
15
16
17
18
19
20
21
22

23

24

25

241.

242.

243.

244.

245.

246.

247.

Bonaldi T, Talamo F, Scaffidi P, Ferrera D, Porto A, Bachi A, Rubartelli A, Agresti A,
Bianchi ME. (2003) Monocytic cells hyperacetylate chromatin protein HMGBI1 to redirect
it towards secretion. EMBO J. . 22, 5551-60.

Yang H, Antoine DJ, Andersson U, Tracey KJ. (2013) The many faces of HMGBI1:
molecular structure-functional activity in inflammation, apoptosis, and chemotaxis. J.
Leukoc. Biol. . 93, 865-73.

YuY, Tang D, Kang R. (2015) Oxidative stress-mediated HMGB1 biology. Front.
Physiol. . 6, 93.

Albayrak A, Uyanik MH, Cerrah S, Altas S, Dursun H, Demir M, Uslu H. (2010) Is
HMGBI1 a new indirect marker for revealing fibrosis in chronic hepatitis and a new
therapeutic target in treatment? Viral Immunol. . 23, 633-8.

Ge X, Antoine DJ, Lu Y, Arriazu E, Leung T-M, Klepper AL, Branch AD, Fiel MI, Nieto
N. (2014) High mobility group box-1 (HMGBI1) participates in the pathogenesis of
alcoholic liver disease (ALD). J. Biol. Chem. . 289, 22672-91.

Gardella S, Andrei C, Ferrera D, Lotti LV, Torrisi MR, Bianchi ME, Rubartelli A. (2002)
The nuclear protein HMGBI is secreted by monocytes via a non-classical, vesicle-
mediated secretory pathway. EMBO Rep. . 3, 995-1001.

Chen G, Li J, Ochani M, Rendon-Mitchell B, Qiang X, Susarla S, Ulloa L, Yang H, Fan S,
Goyert SM, Wang P, Tracey KJ, Sama AE, Wang H. (2004) Bacterial endotoxin
stimulates macrophages to release HMGBI partly through CD14- and TNF-dependent
mechanisms. J. Leukoc. Biol. . 76, 994—1001.

45



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Figure Legends:

Figure 1: Summary of known interactions of major cell death pathways. Many
factors and stimuli can lead to cellular demise. Necrosis occurs only as accidental cell
death, due to severe cellular damage. Regulated cell death modes occur after ligation of
specific extracellular signals to receptors or intracellular stimuli. Apoptosis is probably
the main outcome, when regulated cell death is activated. Necroptosis and Pyroptosis
are only executed, when apoptosis is inhibited, i.e. by inhibition of executioner
caspases. Autophagy is usually a process to recycle resources or degrade damaged
proteins or organelles within cells. Autophagy can either promote cell survival by
blocking apoptosis or lead to cell death, depending on extent of damage and status of
the cell. Remains of dying cells, either as apoptotic bodies or as debris, can elicit an
immune response, which may facilitate release of pro-inflammatory or pro-apoptotic

signals by immune cells. MOMP: mitochondrial outer membrane permeabilization.

Figure 2: Extrinsic activation of apoptosis. The extrinsic pathway of apoptosis can be
initiated by two general mechanisms. The first mechanism involves binding of a death
ligand (FASL, TRAIL) to a corresponding death receptor. The transmembrane death
receptors form multimers via the cytoplasmic tails and recruit multiple proteins to the
death-inducing signaling complex (DISC). The DISC contains pro-caspase-8 (or -10)
which is activated to caspase-8 (or 10), when proapoptotic stimuli predominate survival
signals. Caspase-8 proteolytically cleaves effector caspases (i.e. caspase-3) in type |
cells, leading to execution of apoptosis. In type II cells pro-apoptotic signaling requires
amplification by mitochondrial outer membrane permeabilization (MOMP). Caspase
cleavage of BID to tBID leads to pore formation in the mitochondrial outer membrane

and MOMP. The second mechanism initiating extrinsic apoptosis involves dependence
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receptors (DCC or UNC5B). These receptors are activated in the absence of their ligand
(netrin-1). Active receptors can directly convert pro-caspases to the active executioner

caspases (i.e. caspase 9) or lead to MOMP. tBID, truncated BID. Figure adapted from

[91.
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5

Tables

Table 1: Bcl-2* family proteins are important regulators of apoptosis and

mitochondrial outer membrane permeabilization (MOMP), which can act either

pro- or anti-apoptotic.

Pro-survival members | Pro-apoptotic members of | BH3 domain-only
the Bax/Bak family members
(pore formation in | (pro- or  anti-apoptotic
mitochondrial outer | depending on context and
membrane) dimerization)
Bcel-xL Bak Bim
Bcl-2 Bax Bid
Mcl-1 Bcl-xS PUMA
Bcel-w Bok/Mtd Bad
Al1/Bfll Bik
Nrl3 Nix
Boo/Diva Noxa
Bnip3
Hrk

*: B-cell lymphoma 2
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Table 2: Overview of cell death modes in chronic liver disease and possible implications.

Disease Primary cell death | Secondary cell death | Relevant markers of cell | Clinical significance
mechanism mechanism death
Non-alcoholic fatty | apoptosis necroptosis, autophagy | M30 Indicator of disease severity
}111\(/: Zrhoiiilcsease / Non- M65 Indicator of disease severity
steatohepatitis
Alcoholic liver disease | Necrosis / apoptosis necroptosis HMGBI1 Disease marker / indicator of
M65 disease severity
M30
Cholestatic diseases In models and in PBC: | Necrosis / necroptosis M65 Disease severity / progression
apoptosis M30
In  human  disease:
probably necrosis
Chronic viral hepatitis | apoptosis Necrosis / autophagy M65 Disease progression
M30 Disease progression
HMGBI1
sTRAIL
sTNFR1-2

HMGBI1: High-mobility-group-protein B1; M30: caspase-cleaved neoepitope of cytokeratin 18 (CK18), surrogate marker for apoptosis; M65: full lenght
CK18, surrogate marker for overall cell death; sTRAIL: soluble TNF-related apoptosis inducing ligand; sTNFR1-2: soluble Tumor-Necrosis-Factor Receptor
1/2.
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