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Abstract

Alcoholic liver disease is a major health problem in the United States and worldwide without
successful treatments. Chronic alcohol consumption can lead to alcoholic liver disease (ALD),
which is characterized by steatosis, inflammation, fibrosis, cirrhosis and even liver cancer. Recent
studies suggest that alcohol induces both cell death and adaptive cell survival pathways in the liver,
and the balance of cell death and cell survival ultimately decides the pathogenesis of ALD. This
review summarizes the recent progress on the role and mechanisms of apoptosis, necroptosis and
autophagy in the pathogenesis of ALD. Understanding the complex regulation of apoptosis,
necrosis and autophagy may help to develop novel therapeutic strategies by targeting all three
pathways simultaneously.
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Alcoholic liver disease (ALD) is a major health problem and a significant source of liver
injury in United States. The pathogenesis of ALD includes steatosis, fibrosis, acute alcoholic
hepatitis, cirrhosis and eventual hepatocellular carcinoma. Careful research work from many
labs in the past decades indicates that cell death including apoptotic and necrotic cell death
contributes to the pathogenesis of ALD. Liver injury and disease can be triggered by a
diverse set of metabolic, toxic, and inflammatory insults. These insults often lead to the
activation of apoptosis, necrosis/necroptosis and autophagy in liver cells. It should be noted
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that liver contains multiple different cell types including parenchymal and non-parenchymal
cells. Cell death of different cell types can all contribute to various liver diseases. In this
review, we summarize the progress on the mechanisms by which alcohol induces cell death
in hepatocytes. The death of non-parenchymal cells is beyond the topic of this review.

Apoptosis in ALD

Activation

Apoptosis is characterized by nuclear fragmentation, chromatin condensation, and cellular
shrinkage, which is generally dependent on activation of caspases although caspase-
independent apoptosis can also occur. Apoptotic cells can break apart into apoptotic bodies,
which are membrane-enclosed particles containing intact organelles that are later
phagocytosed by immune cells such as macrophages/Kupffer cells in the liver without
inducing an inflammatory response. In general, apoptosis can either be triggered via intrinsic
(mitochondria) or extrinsic (death receptor) pathway.

of mitochondrial (intrinsic) apoptotic pathway by alcohol

The mitochondrial apoptotic pathway or the intrinsic pathway, is activated by various
apoptotic stimuli, such as DNA damage, oxidative stress, or deprivation of hormone or
growth factor (Yin and Ding, 2003). In this scenario, the death signals are transmitted to the
mitochondria, which release a number of apoptotic factors, including cytochrome ¢, Smac/
DIABLO, HtrA2/0Omi, apoptosis inducing factor (AlF), and endonuclease G. Once released
into the cytosol, cytochrome c binds to Apaf-1 and caspase-9 to form the “Apoptosome” to
trigger caspase-9 activation in the presence of dATP (Li et al., 1997). Activated caspase-9
then activates downstream executioner caspases, such as caspase-3, -6 and -7. Smac/
DIABLO (second mitochondria-derived activator of caspase), when released into the
cytosol, binds to the inhibitor of apoptosis proteins (IAPs) such as XIAP to relieve their
inhibitory effects on caspases. Activated caspases then cleave various cellular substrates,
leading to the characteristic morphological features of apoptosis including DNA
fragmentation, chromatin condensation, externalization of phosphatidylserine, and formation
of apoptotic bodies. It is known that the metabolism of alcohol plays a critical role in
alcohol-induced activation of mitochondrial apoptotic pathway and subsequent apoptosis.
Ethanol is metabolized through two major oxidative and two minor non-oxidative pathways.
Firstly, alcohol is metabolized by alcohol dehydrogenase (ADH) into the highly reactive
acetaldehyde, which is further metabolized by cytosolic aldehyde dehydrogenase 1
(ALDH1) and mitochondrial ALDH2 into more harmless acetate (Crabb et al., 2004). The
metabolism of ethanol through this process increases the conversion of nicotinamide adenine
dinucleotide (NAD™) into its reduced form, NADH, resulting in alterations of cellular redox
status and decreased NAD*-dependent enzyme activities. Increased ratio of NADH/NAD™,
which promotes the excess flow of electrons in the mitochondrial respiratory chain resulting
in accumulation and leakage of electrons at the mitochondria respiratory chain complex |
and 111 to produce reactive oxygen species (ROS) (Bailey and Cunningham, 2002). Alcohol
exposure also damages mitochondrial DNA and ribosomes leading to reduced mitochondrial
protein and ATP synthesis (Coleman and Cunningham, 1991). Moreover, chronic alcohol
exposure decreases hepatic mitochondrial respiration (state 111) and increases sensitivity to
Ca?*-mediated mitochondrial permeability transition induction resulting in mitochondrial-
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mediated apoptosis (King et al., 2014). Furthermore, chronic alcohol exposure decreases
mitochondrial maximal oxygen consumption rate and in turn increases the susceptibility of
hepatocytes to alcohol-induced hypoxia and liver injury (Zelickson et al., 2011).

In the second oxidative metabolism pathway, ethanol is metabolized by cytochrome P450
family 2, subfamily E, polypeptide 1 (Cyp2E1) and catalase. Acute or chronic ethanol
exposure induces Cyp2E1, which can generate ROS (Lu and Cederbaum, 2008). Chronic
alcohol exposure to rat also leads to the reduced antioxidant enzymes including catalase,
superoxide dismutase, and glutathione peroxidase in liver (Bourogaa et al., 2013). Increased
ROS production can directly damage mitochondrial proteins and mitochondria DNA, induce
mitochondrial depolarization and onset of mitochondrial permeability transition (MPT)
(Hoek et al., 2002). Induction of MPT then leads to more mitochondrial depolarization and
ROS production to form a vicious feed forward loop (Zorov et al., 2000).

In addition to the oxidative metabolism, a small percentage of ethanol can also be
metabolized via two non-oxidative pathways. In the first pathway, ethanol interacts with
fatty acid and generates fatty acid ethyl ester (FAEE) through FAEE synthase (Zelner et al.,
2013). Increasing evidence shows that FAEE exacerbates alcohol-induced injury in various
tissues including liver (Wu et al., 2006), pancreas (Wu et al., 2008, Werner et al., 2002), and
heart (Beckemeier and Bora, 1998, Wu et al., 2008, Wu et al., 2006). In the second pathway,
ethanol reacts with phospholipase D (PLD) to generate phosphatidyl ethanol. Following
chronic consumption of large amounts of alcohol, phosphatidyl ethanol accumulates to
detectable levels due to its poor metabolism. While the effects of phosphatidyl ethanol on
cellular functions are currently not clear (Zakhari, 2006), FAEE induces mitochondria
damage by binding to mitochondria membrane and uncoupling oxidative phosphorylation
(Lange and Sobel, 1983).

As discussed above, it is clear that both oxidative and non-oxidative metabolism of ethanol
can lead to mitochondria dysfunction and induction of MPT resulting in the release of
mitochondria apoptotic factors such as cytochrome ¢ and SMAC/DIABLO (Figure 1). In
cultured rat hepatocytes, it is shown that ethanol treatment induces MPT and triggers release
of mitochondrial cytochrome ¢, which can be inhibited by cyclosporin A, a MPT inhibitor,
and by several antioxidants (Higuchi et al., 2001). Using an intravital confocal/multiphoton
microscopy approach, Zhong et al found that acute alcohol caused reversible hepatic
mitochondrial depolarization and onset of MPT that was dependent on ethanol metabolism
in vivo in mouse livers (Zhong et al., 2014). The finding that depolarized mitochondria in
mouse liver are reversible is very intriguing, suggesting that mitochondria may adapt to
ethanol-induced damage. Indeed, it has been well documented that acute or chronic alcohol
exposure can alter liver mitochondria structures (e.g., enlarged mitochondria) and functions
in both animal models and human alcoholics (Garcia-Ruiz et al., 2013). Several adaptive
mechanisms in the liver can be activated in response to acute or chronic alcohol-induced
mitochondrial damage and metabolic stress. For example, alcohol-induced damaged
mitochondria can be removed via Parkin-mediated mitophagy (Williams et al., 2015,
Williams and Ding, 2015). Chronic alcohol exposure also enhances PGC-1a-mediated
mitochondrial biogenesis, increases mitochondrial fusion and mitochondrial respiration in
mice (Han et al., 2012). These adaptive mechanisms and mitochondrial plasticity suggest
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that there is a balance between alcohol-induced mitochondrial damage and repair/biogenesis.
Disruption of the balance may result in accumulated damaged mitochondria and subsequent
apoptosis and liver injury.

Other organelle stress-mediated apoptosis in ALD

Accumulating evidence indicates that alcohol and its metabolites directly or indirectly affect
proteostasis resulting in induction of endoplasmic reticulum (ER) stress that leads to liver
injury (Ji and Kaplowitz, 2003, Ji et al., 2005). Alcohol and its metabolites such as
acetaldehyde are highly reactive and can modify protein structures or form protein adducts
resulting in misfolded protein accumulation and triggering ER stress. Moreover, increased
ROS or peroxynitrite production can also disturb the redox status of ER and impair the
proper protein folding within the ER lumen to cause ER stress. Indeed, ER stress markers
are associated with severe steatosis, apoptosis and necroinflammatory foci in the mouse
livers fed with chronic alcohol (Ji and Kaplowitz, 2003). Cells can adapt to ER stress by
activating the unfolded protein response (UPR), which is mediated by three arms of
specialized transcriptional programs including inositol requiring enzyme 1 a (IREla),
activating transcription factor 6 (ATF6), and PKR-like ER localized elF2a kinase (PERK).
Activation of UPR can attenuate ER stress and restore ER homeostasis by decreasing
general protein translation, increasing protein folding capacity by promoting expression of
chaperone proteins, and enhancing degradation of misfolded proteins by ER-associated
protein degradation (ERAD) via proteasome or by ER stress-mediated compensatory
autophagy (Walter and Ron, 2011, Ding and Yin, 2008). However, when ER stress is too
severe, UPR may also trigger cell death by activating caspase-12 (murine) or-4 (human),
inducing IREla-mediated JNK activation or CHOP-mediated transcription of pro-apoptotic
cell death genes. Interestingly, CHOP knockout mice protect against chronic alcohol-
induced liver apoptosis but have no effect on alcohol-induced steatosis and ER stress (Ji et
al., 2005). These data suggest that targeting one arm of UPR may not be sufficient to protect
against alcohol-induced liver pathogenesis. Furthermore, recent evidence also suggests that
ethanol-induced endoplasmic reticulum (ER) stress activates interferon regulator factor 3
(IRF3) in order to initialize ethanol-induced hepatocyte apoptosis in mice (Petrasek et al.,
2013).

In addition to ER, alcohol consumption can alter the activities of lysosomes by elevating
lysosomal pH (Kharbanda et al., 1997), which leads to the reduction in protein degradation
resulting in excessive protein accumulation. Accumulation of abnormal protein aggregates
within hepatocytes can be harmful to the hepatocytes through the proteotoxicity.
Accumulation of cytokeratin 8 and 18 (CK8/18) positive cytoplasmic inclusion bodies in
hepatocytes, termed Mallory bodies (MBs), has been well documented in ALD patients and
animal models (Stumptner et al., 2000, Zatloukal et al., 2007). Rats fed with liquid ethanol
diet for one to five weeks causes decreased lysosomal acid phophatase and p-galactosidase
activities, redistribution of lysosome enzymes cathepsin B and cathepsin L to lower density
cellular compartments and impairment of processing procathepsin L to its mature enzyme
(Kharbanda et al., 1996). Mannose 6-phosphate receptor (M6P) is a protein that targets the
acid hydrolases to the lysosome. Chronic ethanol feeding lowers the M6P activity and
content in hepatocytes isolated from ethanol-fed rats (Haorah et al., 2002, Haorah et al.,
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2003). This reduction may account for the impaired processing and delivery of acid
hydrolases to lysosomes. In addition to lysosome, it has also been reported that chronic
ethanol administration impairs receptor-mediated endocytosis, which is mainly due to a
decreased number of cell surface receptors in ethanol-fed animals and to a lesser extent, due
to defective receptor-ligand internalization leading to decreased ligand degradation (Casey et
al., 1987, Dalke et al., 1990). While direct effects of ethanol-impaired lysosomal function
and endocytosis on ethanol-induced apoptosis have not been examined, it is likely that
dysfunctional lysosome and endocytosis may impair autophagy, which relies on lysosomal
functions. Impaired autophagy may indirectly exacerbate ethanol-induced apoptosis and
liver injury (see below discussion).

Activation of death receptor (extrinsic) apoptotic pathway by alcohol

The death receptor pathway, or the extrinsic pathway, is mainly initiated by the binding of
the death receptor ligands to the death receptors. Death receptors are cell surface cytokine
receptors mainly belong to the TNF receptor super-family protein that has almost 30
different members sharing sequence homology in the cysteine-rich extracellular domains.
These receptors also share additional sequence homology at the intracellular death domain,
which include TNF-receptor 1 (TNFR1), Fas, TRAIL-receptor 1 (DR-4), and TRAIL
receptor 2 (DR5), the ligands of which are TNFa, FasL and TRAIL, respectively (Yin and
Ding, 2003).

The intracellular events could be quite different upon different ligand/receptor interactions.
Some signaling events are quite conserved leading to executioner caspase activation, as
exemplified in the Fas-mediated cell death. When FasL or the agonistic antibody binds with
Fas, it triggers the homotrimeric association of the receptors. The clustering of the death
domain in the intracellular portion of the receptors recruits FADD (Fas-associated protein
with death domain) and caspase-8 to form the so called death-inducing signaling complex
(DISC), which induces the activation of caspase-8. It should be noted that the FLICE
(FADD-like IL-1B-converting enzyme)-like inhibitory protein long (FLIPI), a caspase-8
inhibitory protein, is also recruited to the DISC by binding to the death effector domain
(DED) of FADD. Activated caspase-8 then cleaves and activates downstream effector
caspases such as caspase-3 to trigger apoptosis in Type | cells such as lymphocytes (Yin and
Ding, 2003). However, in some cell types (Type Il cells), such as hepatocytes, the direct
activation of caspase-3 by caspase-8 is weak and not sufficient to induce apoptosis (Yin and
Ding, 2003, Ding and Yin, 2004). Activated caspase-8 also cleaves Bid, a BH3-only
proapoptotic Bcl-2 family protein. The cleaved truncated Bid (tBid) then translocates to
mitochondria and activates the mitochondrial apoptotic pathway by inducing release of
mitochondria apoptotic factors, such as cytochrome ¢ and Smac/DIABLO (Yin et al.,
1999b). Once in the cytosol, cytochrome ¢ then promotes caspase-9 activation that further
induce caspase-3 activation whereas Smac/DIABLO release the inhibition of XIAP on
caspase activation (Li et al., 1997, Du et al., 2000, Verhagen et al., 2000).

Compared with FasL-induced apoptotic signaling pathways, TNFa-induced caspase
activation and apoptosis follows a little bit more complicated different course. After TNF-a.
binds to TNF-a receptor 1 (TNFR1), it forms the TNFR complex | by recruiting
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downstream factors such as TNFR-associated death domain (TRADD), receptor interacting
protein kinase 1 (RIP1), TNFR-associated factor 2 (TRAF2), and cellular inhibitor of
apoptosis proteins 1 and 2 (clAP1/2) (Mucic et al., 2011, Zhou et al., 2012). RIP1 is
ubiquitinated by the E3 ligases clAP1/2 and a secondary E3 ligase complex of LUBAC
(linear ubiquitin chain assembly complex). Ubiquitinated RIP1 then recruits transforming
growth factor p-activated kinase 1 (TAK1) and the ubiquitin binding partners TAB2 (TAK1
binding protein 2) and TAB3 that serves as a platform for the downstream IxB kinase (IKK)
complex to activate the NF-xB pathway, which upregulates the expression of genes for cell
survival and inflammation (Zhou et al., 2012, Vucic et al., 2011). In contrast,
cylindromatosis (CLYD) de-ubiquitinates RIP1, which then recruits TRADD, the Fas-
associated protein with a death domain (FADD), FLIPI and caspase-8 to form the pro-death
complex 1 to initiate caspase-8 activation. FLIPI is transcriptionally regulated by NF-xB
and acts as a negatively regulator on caspase-8 activation. Similar to FasL-induced
apoptosis, activated caspase-8 then cleaves Bid and tBid translocates to mitochondria
resulting in the activation of the mitochondrial-apoptotic pathway (Ding and Yin, 2004).

It is reported that acute alcohol exposure to mice increased Fas ligand-mediated apoptosis,
which could be inhibited by the treatment with zinc (Lambert et al., 2003). Recently it was
shown that chronic alcohol increased expression of microRNA 21 (miR-21) that negatively
regulates the expression of Fas ligand (TNF superfamily, member 6) (FASLG) and death
receptor 5 (DR5) in the mouse livers. Inhibition of miR-21 by specific Vivo-Morpholino in
ethanol-treated mice increased the expression of DR5 and FASLG and exacerbated ethanol-
induced liver injury. These findings suggest that miR-21 may act as an adaptive protective
mechanism against alcohol-induced apoptosis (Francis et al., 2014). In addition to Fas-
mediated apoptosis, compelling evidence supports that TNFa-mediated cell death is critical
in the pathogenesis of ALD (Yin et al., 1999a, Nagy et al., 2016). Accumulating evidence
indicates that acute or chronic alcohol exposure increases intestinal permeability and
elevated systemic levels of gut-derived endotoxins and other microbial products (Hartmann
et al., 2015). Endotoxin (LPS) activates Kupffer cells (the resident macrophage in the liver)
to induce the production of TNFa and subsequent TNFa.-mediated apoptosis in the liver. In
addition to inducing apoptosis in hepatocytes, alcohol exposure also induces apoptosis and
inflammation in adipose tissue. Intriguingly, while Bid-deficient mice are found to be
resistant to alcohol-induced apoptosis in both the adipose and liver tissue, Bid-deficient mice
are not protected from alcohol-induced liver injury and steatosis (Sebastian et al., 2011,
Roychowdhury et al., 2012). Moreover, administration of VX166 (a pan-caspase inhibitor)
also fails to attenuate alcohol-induced liver injury and steatosis (Roychowdhury et al., 2012).
Taken together, while it is clear that hepatoccyte apoptosis contributes to alcohol-induced
liver injury through both mitochondrial and death receptor-mediated apoptotic pathways,
other forms of cell death are also involved in the pathogenesis of ALD in addition to
apoptosis.

Necrosis and necroptosis in ALD

Necrosis is characterized by cell swelling, membrane rupture, and release of cell contents
that leads to a subsequent inflammatory response (Malhi et al., 2010, Malhi et al., 2006).
However, recent evidence suggests that necrosis can also be highly regulated, which involves
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the RIP1-RIP3-MLKL (mixed lineage kinase domain-like protein)-mediated necrotic
cascade, a process also referred to as necroptosis or programmed necrosis (Degterev et al.,
2005, Zhang et al., 2009, Cho et al., 2009, He et al., 2009). Necroptosis is similar in nature
to necrosis, but is a caspase-independent programmed form of cell death that requires
initiation by death receptors, similar to the extrinsic apoptotic pathway. As we discussed
above, upon TNFa binding to its receptor TNFRZ, it forms several complexes by recruiting
different components to either trigger NFxB pathway or induce apoptosis depending on the
ubiquitination levels of RIP1. Highly ubiquitinated RIP1 activates NFxB-mediated cell
survival and inflammatory pathways whereas de-ubiquitinated RIP1 form the pro-death
complex Il resulting the activation of caspase-8. RIP3 can also be recruited to complex 11 to
form complex I1b (also called the necrosome), which includes RIP1, RIP3, and MLKL.

Interestingly, activated caspase-8 also cleaves RIP3 and RIP1 to inactivate them, suggesting
that induction of apoptosis can suppress necroptosis (Vandenabeele et al., 2010). When
caspase-8 activity is inhibited either by a genetic defect in FADD-caspase-8 signaling or by
pharmacological inhibition of caspase-8, RIP1 interacts with RIP3 via their RIP homotypic
interaction motif (RHIM) and forms an amyloid-like structure termed the necrosome, which
is stabilized by phosphorylated RIP1 and RIP3. Activated RIP3 then recruits and
phosphorylates MLKL protein to promote its oligomerization and translocation to plasma
membranes resulting in eventual membrane rupture and necrosis (Weinlich and Green, 2014,
Vanden Berghe et al., 2014). Intriguingly, in the absence of clAPs, RIP1, RIP3, FADD,
caspase-8 and FLIP, form a large complex known as the ripoptosome (also called complex
I1b), which activates caspase-8 to trigger apoptosis (Dillon et al., 2014, Mandal et al., 2014,
Tenev et al., 2011). Notably, RIP1 knockout mice die perinatally whereas RIP3 knockout
mice are viable without obvious phenotypes, suggesting that RIP1 may have a paradoxical
cell survival role (Weinlich and Green, 2014). The kinase-dead RIP3P16IN mice die at E10.5
whereas kinase-dead RIP1P138N mijce are viable and healthy. The kinase-dead RIP3P161N
mice are protected by germline deletion of caspase-8 but not by the kinase-dead RIP1P138N,
suggesting that formation of the ripoptosome seems to be independent of RIP1 and RIP3
kinase activity but dependent on their scaffolding functions (Newton et al., 2014). Therefore,
it appears that RIP1 and RIP3 may have multiple roles in regulating apoptosis, necroptosis,
cell survival and inflammation (Figure 1).

RIP3-mediated necroptosis has recently been shown to play a role in ALD (Roychowdhury
etal., 2013). Nagy and colleagues showed that RIP3 was induced by ethanol feeding in
mouse livers. ALD patients had increased hepatic expression of RIP3 compared to control
patients. Furthermore, ethanol-induced liver injury, steatosis, and inflammation were
decreased in RIP3 KO mice compared to control mice, verifying the importance of RIP3 in
mediating ethanol-induced liver injury and progression of ALD (Roychowdhury et al.,
2013). We recently confirmed these findings using the chronic ethanol feeding plus acute
binge model (Gao-binge model). We found that Gao-binge alcohol treatment decreased
protein levels of proteasome subunit alpha type-2 (PSMAZ2) and proteasome 26S subunit
ATPase 1 (PSMC1) resulting in reduced hepatic proteasome function. Genetic depletion of
hepatic PSMC1 or pharmacological inhibition of proteasome by the proteasome inhibitor
bortezomib also increased protein level of RIP3. These data suggest that RIP3 is degraded
through ubiquitin proteasome system and impaired proteasomal function induced by Gao-
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binge alcohol treatment may account for the hepatic accumulation of RIP3. Notably, human
patients with ALD also showed increased RIP3 expression and decreased PSMC1
expression in the liver (Wang et al., 2016). Intriguingly, inhibition of RIP1 kinase activity by
7-Cl-O-Nec-1 (a potent specific RIP1 inhibitor) blunted Gao-binge alcohol-induced hepatic
inflammation but did not protect against chronic ethanol feeding-induced steatosis and liver
injury, suggesting that alcohol-induced RIP3-mediated necroptosis is independent of RIP1.
Therefore it seems that RIP3 plays a more critical role in alcohol-induced steatosis and cell
death whereas RIP1 is more important in regulating inflammation.

It should be noted that RIP1 and RIP3 are predominantly expressed in the thymus and
spleen, and their expression levels in the liver are relatively low (He et al., 2009, Dara et al.,
2015, Wang et al., 2016). In addition to alcohol, acetaminophen treatment also increased
hepatic RIP3 proteins and RIP3 contributes to the early phase of acetaminophen-induced
liver injury (Ramachandran et al., 2013). Another recent study also reported that mice with
knockdown of hepatic RIP1 by using a RIP1 antisense are resistant to acetaminophen-
induced liver injury (Dara et al., 2015). These data thus support that RIP1-RIP3-mediated
necroptosis is pathologically and physiologically relevant in liver diseases. However, the
liver often has increased infiltration of inflammatory cells after either alcohol or
acetaminophen exposure, which makes it difficult to conclude that the increased levels RIP3
are from hepatocytes or from the inflammatory cells. Future work to use liver-specific RIP1
KO or RIP3 KO mice that fed with alcohol may be able to help to further clarify the role of
RIP1 and RIP3 in alcohol-induced necrosis and liver pathogenesis.

Since apoptosis normally suppresses necrosis by caspase-mediated cleavage of RIP3, it is
intriguing that both apoptosis and necrosis occur during the pathogenesis of ALD. It is well
known that liver has the unique zones that have different levels of oxygen, nutrient and
metabolic enzymes. We previously demonstrated that autophagy induction differs in
different zones of the mouse liver after acetaminophen administration (Ni et al., 2013), it is
possible that apoptosis and necrosis may also occur in different zones of the liver.
Immunohistochemistry co-staining for apoptotic (such as activated caspase-3) and necrotic
markers (such as RIP3 and HMGB1) may help to confirm this hypothesis. Moreover, it is
also likely that different cell death modes may occur during different stages of liver
pathogenesis of ALD. For instance, it is possible that apoptosis occurs in early ALD, such as
in steatosis, and necrosis occurs in later stages of ALD, such as in alcoholic hepatitis. Future
work is needed to further elucidate these possibilities.

Other forms of regulated programmed cell death in ALD

Pyroptosis

Pyroptosis is a type of programmed cell death that depends on the activation of caspase-1, a
pro-inflammatory caspase which is not required for apoptosis to occur (Miao et al., 2010).
Pyroptosis is associated with cell swelling and rapid plasma membrane lysis due to the
formation of pores on the plasma membrane in a caspase-1-dependent manner. Similar to
apoptosis, cells undergo pyroptosis also have extensive nuclear DNA fragmentation but the
underlying mechanism of DNA fragmentation for pyroptosis does not depend on CAD, the
DNase activated by apoptotic caspases. Caspase-1 is activated at complexes termed
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inflammasome. It has been reported that chronic alcohol exposure activated inflammasome
in mouse livers. Thus it is likely that alcohol may also induce caspase-1 mediated pyropotsis
in the liver (Petrasek et al., 2012).

Ferroptosis is a regulated form of necrosis that is morphologically, biochemically, and
genetically distinct from apoptosis, necrosis, and autophagy (Yang and Stockwell, 2016).
Ferroptosis depends upon intracellular iron, but not other metals (Dixon et al., 2012).
Ferropotsis is associated with plasma membrane rupture due to lipid peroxidation and is
driven by loss of activity of the lipid repair enzyme glutathione peroxidase 4 (GPX4) (Yang
et al., 2014). Either lipophilic antioxidants or iron chelators can strongly suppress
ferroptosis, revealing the important roles of ROS and cellular iron in ferroptosis (Yang and
Stockwell, 2016). Iron overload and increased oxidative stress have been well documented
in ALD (Williams et al., 2014, Nagy et al., 2016, Kohgo et al., 2007). Therefore it will be
interesting to determine whether ferroptosis would play a role in the pathogenesis of ALD.

Autophagy and cell death in ALD

In addition to the mutual regulation of apoptosis and necrosis, accumulating evidence
indicates that autophagy and cell death can also regulate each other (Kroemer G et al. 2010,
Luo et al. 2010). In fact, many cell death stimuli induce both cell death (apoptosis and
necrosis) and autophagy at the same time or even at the same cell. Autophagy involves the
formation of the double-membrane autophagosomes that traffic and fuse with lysosomes to
form autolysosomes where the autophagic cargos are degraded. Autophagy generally acts as
a pro-survival mechanism and plays a critical role in normal liver physiology and liver
diseases (Czaja et al., 2013, Yin et al., 2008). Autophagy may regulate alcohol-induced cell
death and protect against the pathogenesis of ALD in the following three aspects. First, as
discussed above, mitochondrion is a central executioner for regulating apoptosis by
controlling the release of apoptotic factors, and mitochondrial damage plays a key role in
alcohol-induced cell death. Therefore, it is not surprising that removing alcohol-induced
damaged mitochondria by mitophagy can protect against alcohol-induced liver pathogenesis.
Increasing evidence indicates that Pink1 (tensin homolog-induced putative kinase 1)-Parkin
axis plays a critical role in selective mitophagy in mammalian cells (Ding and Yin, 2012).
Parkin is an evolutionarily conserved E3 ligase, which is recruited to depolarized damaged
mitochondria by Pink1 to initiate ubiquitination of mitochondrial outer membrane proteins
and subsequent mitochondrial degradation by mitophagy (Ding and Yin, 2012). Gao-binge
alcohol treatment increased mitochondrial translocation of Parkin in hepatocytes. More
importantly, alcohol caused greater mitochondrial damage, steatosis and liver injury in
Parkin knockout mouse livers compared to wild type mouse livers (Williams et al., 2015).
Second, autophagy also helps to remove alcohol-induced excess lipid droplet (lipophagy) to
ameliorate alcohol-induced steatosis. We previously demonstrated that pharmacological
induction of autophagy markedly reduced alcohol-induced steatosis and liver injury, and the
autophagsomes are often found to enwrap lipid droplets in acute alcohol-treated mouse
livers (Ding et al., 2010). Similar findings were also reported in chronic ethanol fed rats for
10 weeks (Eid et al., 2013). Third, autophagy removes protein aggregates and relieves ER
stress in cultured cells (Ding et al., 2007). Since alcohol induces ER stress, it is likely that
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autophagy can also help to attenuate alcohol-induced ER stress and subsequent cell death.
However, no studies have been conducted to test this hypothesis.

In addition to hepatocytes, autophagy in other cell types such as hepatic stellate cells (HSC)
and macrophages in the liver also plays a critical role in the pathogenesis of ALD.
Autophagy in HSC promotes liver fibrosis by increasing lipid droplet degradation via
lipophagy resulting in HSC activation. Stellate cell-specific Atg7 knockout mice are resistant
to CCls-induced fibrosis in vivo (Hernandez-Gea et al., 2012). In rats that were fed with
chronic ethanol diet for 8 weeks, it is found that alcohol-induced ER stress activates
autophagy, which may promote chronic ethanol-induced fibrosis (Hernandez-Gea et al.,
2013). In contrast to HSC, macrophage-specific autophagy-deficient mice are more
susceptible to CClg-induced fibrosis and endotoxin-induced liver injury (Lodder et al., 2015,
Ilyas et al., 2015). Whether impaired macrophage autophagy would also exacerbate alcohol-
induced liver injury remains to be determined.

While autophagy can protect against cell death, apoptosis can also suppress autophagy by
inducing caspase-mediated cleavage of essential autophagy proteins such as Beclin 1 (Li et
al., 2011). In addition, RIP1 also activates ERK and represses basal autophagy by inhibiting
TFEB-mediated expression of autophagy-related and lysosomal genes (Yonekawa et al.,
2015). Therefore, there is a complicated mutual regulatory network among autophagy,
apoptosis and necroptosis. After alcohol exposure, a cell's fate is decided by the balance of
autophagy versus apoptosis/necroptosis. Disruption of the balance from cell survival
autophagy towards cell injury (apoptosis/necroptosis) will eventually lead to liver injury
after alcohol exposure.

Concluding remarks and future perspective

ALD is a major health problem in the United States and worldwide with no successful
treatments. Alcohol consumption can activate cell death and cell adaptive survival pathways
such as autophagy in the liver. Thus the balance between cell death and autophagy may
decide the pathogenesis of ALD. While apoptosis in ALD has been well documented,
emerging evidence supports that RIP1-RIP3-mediated necroptosis also contributes to
alcohol-induced steatosis, inflammation and liver injury. Because apoptosis, necrosis and
autophagy are interlinked and all of them are involved in the pathogenesis of ALD, an ideal
development to treat ALD should consider target all of them. Future works are needed to
determine whether simultaneously inhibition of apoptosis and necroptosis with concomitant
induction of autophagy would offer the maximized beneficial effects against alcohol-induced
liver injury.
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Figure 1. Possible pathways leading to alcohol-induced apoptosis and necrosis
Alcohol metabolism via ADH, ALDH, Cyp2E1 and catalase increases ROS production that

triggers mitochondrial damage and onset of MPT resulting in the release of mitochondrial
Cyto ¢ and Smac. Released Cyto ¢ promotes the activation of caspase-9 and caspase-3,
whereas Smac inhibits XIAP to remove its inhibition on caspases. Activated caspase-3 then
leads to hepatocyte apoptosis. Alcohol consumption also increases gut permeability resulting
in elevated influx of LPS into the liver. LPS activates Kupffer cells to produce TNF-a.. TNF-
a binds to its receptor (TNFR1), which further recruits TRADD, FADD, caspase-8 and
FLIPI resulting in caspase-8 activation when RIP1 is de-ubiquitinated by CYLD. Activated
caspase-8 cleaves Bid to activate the mitochondrial apoptotic pathway and trigger apoptosis.
Activated caspase-8 also cleaves RIP1 and RIP3 to inactivate RIP1-RIP3-mediated
necroptosis. When clAPs are depleted and caspase-8 is inhibited, RIP1 and RIP3 interact
with each other via RHIM domains to from the amyloid-like necrosome. Auto- and
transphosphorylated RIP1 and RIP3 then further recruit and phosphorylate downstream
MLKL to initiate necroptosis. In the absence of clAPs, RIP1, RIP3, TRADD, caspase-8 and
FLIPI form a complex called the, which induces caspase-8 activation and apoptosis and
depends on RIP1 kinase activity.
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