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Abstract
Because of its unique function and anatomical location, the liver is exposed to a multitude of
toxins and xenobiotics, including medications and alcohol, as well as to infection by hepatotropic
viruses, and therefore, is highly susceptible to tissue injury. Cell death in the liver occurs mainly
by apoptosis or necrosis, with apoptosis also being the physiologic route to eliminate damaged or
infected cells and to maintain tissue homeostasis. Liver cells, especially hepatocytes and
cholangiocytes, are particularly susceptible to death receptor-mediated apoptosis, given the
ubiquitous expression of the death receptors in the organ. In a quite unique way, death receptor-
induced apoptosis in these cells is mediated by both mitochondrial and lysosomal
permeabilization. Signaling between the endoplasmic reticulum and the mitochondria promotes
hepatocyte apoptosis in response to excessive free fatty acid generation during the metabolic
syndrome. These cell death pathways are partially regulated by microRNAs. Necrosis in the liver
is generally associated with acute injury (i.e., ischemia/reperfusion injury) and has been long
considered an unregulated process. Recently, a new form of “programmed” necrosis (named
necroptosis) has been described: the role of necroptosis in the liver has yet to be explored.
However, the minimal expression of a key player in this process in the liver suggests this form of
cell death may be uncommon in liver diseases. Because apoptosis is a key feature of so many
diseases of the liver, therapeutic modulation of liver cell death holds promise. An updated
overview of these concepts is given in this article.

Introduction
A diverse set of metabolic, toxic, and inflammatory insults result in liver injury and disease.
A common feature of these insults is activation of apoptotic and/or necrotic cell death. This
review will focus on cell death of multiple liver cell types as it relates to liver pathology.
Because of the surfeit of experimental data concerning apoptosis and necrosis in liver
disease, this review will focus on these predominant modes of cell death. The subsequent
sections of this work will discuss the experimental evidence for cytotoxic pathway
activation and will review the molecular mechanisms whereby insult is translated into
damage, and ultimately hepatobiliary disease.

The liver is somewhat unique in that even in the face of significant hepatic injury, there is
frequently preservation of hepatic function–namely synthetic, metabolic, and secretory
functions. Due to this partial separation of function and injury, a number of liver diseases are
not initially discovered because of decreased liver function, but rather through evidence of
increased liver injury. As a brief example, consider the patient with nonalcoholic fatty liver
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disease, a growing health problem. Patients generally have maintained liver function with
normal serum albumin, hemostasis, heme catabolism, and bile secretion. However, signs of
liver disease are readily apparent by detection of released hepatocellular transaminases
[serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST)] into the
serum, or by histologic examination of biopsied liver tissue which demonstrates a range of
histologic changes including steatosis, inflammation, ballooned hepatocytes, Mallory–Denk
bodies, apoptotic hepatocytes, and fibrosis or cirrhosis.

In Section “The Vulnerable Hepatocyte and Cholangiocyte,” the structure and cell types of
the liver are discussed with a focus on how liver structure and biological functions
predispose cells to injury. This includes the delivery of ingested substances first to the liver
via the portal circulation, as well as bile acid (BA) synthesis and toxicity, and the particular
role of the innate immune system in liver damage.

Section “Models of Cell Death” covers in detail the signaling programs that communicate
cell death to various cells of the liver. Activation of apoptosis can proceed by way of the
extrinsic or death-receptor-associated pathways, as well as through the intrinsic or organelle-
mediated pathways. The steps in cellular demise can be carried out in a caspase-dependent
or caspase-independent manner. Next, unregulated and regulated hepatocyte necrosis is
discussed, and the section is concluded with a discussion on the difficulty in distinguishing
necrosis from apoptosis followed by secondary necrosis in vivo, and offers insights into how
apoptosis can be an inflammation-inducing event in the liver.

Emerging pathways that regulate hepatobiliary cell death are introduced and detailed in
Section “Unique Regulatory Platforms and Pathways.” This section includes a review of the
formation and function of the inflammasome, a signaling platform likely activated as part of
the innate immune system, which can promote inflammation and injury. Regulation of liver
cell death by microRNAs is then covered, including microRNA biogenesis and functions as
well as the consequences of liver-specific loss of microRNAs. These regulatory pathways
are conceptually integrated into liver damage.

A severe consequence of altered cell death, liver cancer, is discussed in Section “Apoptosis
and Hepatobiliary Cancer.” While liver functions can be preserved after years of ongoing
liver injury, the remarkable ability of the liver to regenerate in response to chronic injury has
a dark side, namely, the role of compensatory proliferation in the development of primary
liver cancers. This section is devoted to the role of apoptosis in the initiation and progression
of hepatobiliary cancer. The results may not be what you would expect.

Therapeutic Targets is a section devoted to the potential application of the knowledge gained
studying cell death mechanisms. While specific treatment of the hepatotoxic agent is
preferred, treatment strategies directed at preserving cell survival likely have a role in cases
where the inciting agent is poorly targeted or is unknown. The molecular focus of this
section is based on pathway mechanisms specified in this text, and we hope will serve to
elevate the profile of these potential targets leading to innovative strategies to modulate
well-recognized apoptosis regulators.

Research on liver injury continues to be a productive and heavily investigated endeavor,
with over 7000 manuscripts indexed on Pubmed in 2011 alone. In this review, we discuss
the molecular features of cell death, from activation to regulation to execution, and relate
these to the biology of the liver. The unique anatomic, physiologic, and biochemical traits of
the liver set the stage for a significant role for apoptosis in hepatobiliary pathology.
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The Vulnerable Hepatocyte and Cholangiocyte
The liver macroanatomy and microanatomy have evolved to serve a complex array of
specialized functions. The functional repertoire of the liver encompasses vascular,
metabolic, secretory, and immune functions. The liver has a dual blood supply, receiving
through the portal vein venous return from the stomach, small intestine and large intestine,
and receiving through the hepatic artery oxygenated blood from the aorta. The parenchymal
cell population in the liver is comprised of hepatocytes. In addition, there are several
nonparenchymal cells in the liver including cholangiocytes, liver sinusoidal endothelial cells
(LSECs), hepatic stellate cells (HSCs), liver-resident macrophages known as Kupffer cells,
natural killer (NK) cells and natural killer T (NKT) cells (332). Hepatocytes are organized
into plates, forming bile canaliculi by their apical membranes. Hepatocyte plates are
juxtaposed with hepatic sinusoids. This organization permits a large surface area of contact
between hepatocytes and the blood flowing through the hepatic sinusoids. Hepatic sinusoids
are lined by LSEC, a fenestrated endothelial cell (82). Kupffer cells are located within
hepatic sinusoids (36). HSC are pericytes, thus surround LSEC, and upon activation
transform into myofibroblasts. In the activated myofibroblast state they acquire a contractile
function and also a fibrogenic function. Cholangiocytes are epithelial cells that line bile
ducts. The cellular architecture and organization of these multitudinous cell types permits
smooth execution of all of the livers' functions. It also imparts unique susceptibilities to
injurious stimuli as well as several unique injury responses. In a broad and simplistic sense,
the cell types that commonly sustain damage are LSEC, hepatocytes, and cholangiocytes,
though examples can be found for injury to other cell types. Furthermore, cells of the innate
and adaptive immune system are intimately involved in ongoing inflammation and injury in
the liver.

Hepatocytes are the most numerous cell type in the liver and comprise most of the liver
mass (278). Their myriad functions include the synthesis and secretion of plasma proteins,
including albumin, the most abundant plasma protein, coagulation factors, and acute phase
proteins. Hepatocytes function as nutritional rheostats, metabolizing and storing gut-derived
nutrients, and generating glucose under conditions of starvation. Lipoproteins are
synthesized and secreted by hepatocytes and they are also central to the regulation of lipid
metabolism. Hepatocytes are the only cell type in the body that can synthesize bile acids
(BAs) by de novo synthesis from cholesterol. They can also take up circulating BAs. BAs
and other constituents of bile are vectorially secreted by hepatocytes leading to the
formation of bile. Most xenobiotics are detoxified by hepatocytes, and along with detoxified
endobiotics secreted into bile. Each of these functional specializations also imparts risk to
the hepatocyte. Hepatocytes can be damaged from the synthesis and accumulation of mutant
proteins, for example, alpha-1 antitrypsin. Due to a central role in metabolism, hepatocytes
are targeted in disorders of nutritional excess, for example, nonalcoholic steatohepatitis.
BAs that accumulate in cholestasis are injurious to hepatocytes. Hepatocytes can be
chronically infected by hepatotropic viruses which can cause chronic liver injury. Alcohol
and drugs such as acetaminophen (APAP) are metabolized and detoxified in the liver, and in
excess can damage the liver. Hepatocytes are targeted in ischemia-reperfusion injury (IRI).
Death of damaged hepatocytes is a feature of all of these disease states. The cytotoxic
signaling pathways that mediate hepatocyte injury are conserved downstream of the inciting
stimulus; however, there are unique stimulus-specific features. These signaling pathways are
discussed in detail in other sections of this review. Death receptor-ligand signaling systems
known to mediate hepatocyte death are Fas-FasL, death receptor 5 (DR5)-Tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL), and Tumor necrosis factor (TNF)-R1-
TNF-α (vide infra), though TNF-α primarily mediates inflammation.
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Cholangiocytes are biliary epithelial cells which line the intrahepatic and extrahepatic bile
ducts. They are targeted by a host of diseases grouped altogether into cholangiopathies.
Cholangiocarcinoma (CCA), a chronic inflammation-associated malignancy also arises in
cholangiocytes. Cholestasis occurs when bile flow is impaired. It is characterized by
accumulation of toxic bile salts within the liver. Biliary proliferation, termed ductular
reaction occurs in cholestasis and other cholangiopathies (217). Biliary epithelial apoptosis
is also enhanced in cholestasis, and it increases further as cholestasis resolves.
Cholangiocytes are damaged by IRI (268). Though they are resistant to anoxia, during the
reperfusion phase of injury, they are more susceptible than hepatocytes to cell death.
Primary biliary cirrhosis (PBC) is characterized by immune-mediated intrahepatic bile duct
destruction. Cholangiocyte apoptosis is increased several fold in liver biopsy samples from
patients with PBC (145). This increase in apoptosis is associated with an accumulation of
FasL expressing mononuclear cells around the bile ducts and enhanced Fas expression in
bile ducts (3). The biliary pathogen Cryptosporidium parvum induced Fas-dependent
apoptosis in a cholangiocyte cell line (69). Besides Fas, CD40, a death receptor belonging to
the TNF family, and its ligand CD154 mediate cholangiocyte apoptosis in vitro (6). CD40
expression is also increased in bile ducts in PBC (3). TRAIL receptor 2/DR5 is expressed by
murine cholangiocytes (333). Activation of DR5 by an agonistic antibody leads to
cholangiocyte apoptosis, which leads to the development of cholangitis (333). DR5
expression is also enhanced in biliary epithelia in cholestatic liver diseases such as PBC and
primary sclerosing cholangitis (PSC). Thus, apoptosis of the epithelial cells of the liver, both
hepatocytes and cholangiocytes, is an important feature of the diseases that target these cell
types.

Portal blood flow and toxic xenobiotics
The portal vein brings to the liver venous return from the splenic, superior mesenteric vein,
inferior mesenteric, gastric, and cystic veins. Portal blood flow comprises 75% to 85% of
hepatic blood supply, and is large in volume with the liver receiving 25% to 30% of resting
cardiac output. Thus the liver receives all digested and absorbed nutrients, reabsorbed bile
salts, absorbed microbial products, ingested drugs, and other xenobiotics in high
concentrations. This forms the basis of first pass metabolism leading to lower levels of
xenobiotics in the systemic circulation than in the portal circulation. Many endobiotics are
synthesized and metabolized in the liver. Most xenobiotics are detoxified by hepatocytes,
and along with detoxified endobiotics secreted into bile. Phase I biotransformation reactions,
including those catalyzed by the cytochrome P450 superfamily of monooxygenases, convert
xenobiotics to polar compounds (114). Phase II reactions conjugate these polar metabolites
to glucuronic acid, sulfate, glutathione, glycine, or taurine (171). In Phase III reactions, these
conjugated metabolites are transported into bile by specific transporters (191). All of these
enzymes have broad substrate specificity and functional redundancy allowing the liver to
metabolize a wide variety of xenobiotics. These reactions mostly detoxify xenobiotics;
however, in some instances can form reactive intermediates or activate xenobiotics to a toxic
form (315). Ethanol and APAP are the two most well recognized xenobiotics with
significant liver toxicity. Other ingested drugs can induce predictable or idiosyncratic liver
injury, which may be metabolic or immune-mediated in mechanism (360).

Ethanol-induced liver disease is seen among heavy consumers of alcohol. It is the leading
cause of liver disease in many societies. Though many cellular signaling pathways activated
by ethanol have been elucidated, and it is known that ethanol activates the innate immune
system in the liver, the specific factors that impart risk to a subset of heavy drinkers who
develop progressive disease are unclear. Ethanol increases the production of reactive oxygen
species (ROS) via induction of the phase I enzyme CYP2E1 (29). Though CYPE2E1 is a
minor pathway for ethanol metabolism, it is induced by ethanol, generates ROS, and
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oxidative damage to cellular constituents occurs with acute and chronic ethanol ingestion.
Ethanol metabolism by CYP2E1 can have complex interactions with other xenobiotics, for
example, APAP, the toxicity of which is mitigated by a concurrent acute ingestion of
ethanol (384). On the other hand, chronic administration of ethanol induces CYP2E1, thus
increasing the metabolism of other CYP2E1 targets, which may sensitize to APAP toxicity
(8). Hepatocyte cytotoxicity including apoptosis is a feature of ethanol-induced liver injury
in experimental models (296). Activation of multiple cell death pathways by ethanol is
highlighted in this study by the observation that even when hepatocyte apoptosis is blocked,
markers of other death pathways, liver injury, and inflammatory pathways are still activated
in ethanol-fed mice (296). The innate immune system, Kupffer cells in particular, are
activated in models of ethanol-induced liver injury (158). TNF-α and interleukin-6 are
derived from activated Kupffer cells (73). The complement cascade, a soluble mediator of
innate immune responses, is also activated, likely by hepatocyte death, and further activates
inflammatory pathways (73).

APAP overdose induces predictable, dose-dependent liver injury, and is the leading cause of
drug-induced acute liver failure (64). Therapeutic doses of APAP are metabolized primarily
by conjugation with glucuronic acid or sulfate moieties. A small percentage is oxidized by
the cytochrome P450 pathway to a toxic metabolite, N-acetyl-p-benzoquinone imine
(NAPQI). Normally, NAPQI is rapidly conjugated to intracellular glutathione leading to the
formation of a nontoxic conjugate. However, under conditions of APAP excess, glutathione
depletion occurs and NAPQI accumulates. NAPQI covalently and indiscriminately binds to
cysteine moieties on proteins, thus interfering globally with hepatocyte function.
Glutathione replacement with N-acetyl cysteine (NAC) prevents liver injury and failure if
given in a therapeutic window soon after the ingestion. However, delayed administration of
NAC is ineffective in preventing toxicity. Formation of ROS, mitochondrial dysfunction,
activation of the stress kinase, c-jun N-terminal kinase (JNK), hepatocyte apoptosis, and
necrosis occur in models of APAP toxicity (135, 141, 197). Though the predominant
endpoint morphology recognized in models of APAP toxicity is of necrotic cell death,
several studies underscore the activation and involvement of apoptotic signaling pathways in
APAP-induced cell death. The proapoptotic Bcl-2 protein Bim and death ligand TRAIL are
induced by APAP, and Bim-deficient mice are partially protected from APAP-induced liver
injury (12). Moreover, using an antisense oligonucleotide to Fas abrogates APAP-induced
liver injury and apoptosis (401). While the metabolism of APAP is clear and the known
cellular effects are multiple, the exact pathways that result in liver injury and inflammation
are less well defined. Activation of the innate immune system has been a well-recognized
feature of APAP toxicity (37, 168, 232). The data suggest that inflammatory responses to
APAP vary by strain of mice; moreover, dose of APAP used and even the presence of the
solvent dimethyl sulfoxide (DMSO) play a role in the activation of hepatic NKT cells (168,
232, 244). Recent studies have further elucidated the mechanisms by which APAP might
trigger an inflammatory response. In these rodent studies, APAP-induced cell death led to
the release of endogenous damage-associated molecular patterns (DAMPs), high-mobility
group box-1 (HMGB-1), and apoptotic DNA (67, 167). Toll-like receptor (TLR)-9 was
activated by APAP-induced DAMPs leading to increased expression of the precursor forms
of the proinflammatory cytokines interleukin-1β (IL-1β) and interleukin-18 (IL-18). The
Nalp3 inflammasome was also activated by APAP, leading to enhanced proteolytic cleavage
of the precursors to mature IL-1β and IL-18 (167). In a complementary study using APAP-
induced liver injury, it was demonstrated that two proteins, CD24 and Siglec-C, bind to
HMGB-1, thus preventing the activation of downstream signaling events and mitigating the
inflammatory response (67). Similar studies by others failed to recapitulate these findings
(379, 380), although it should be noted that in the later studies a lower dose of APAP (300
mg/Kg) was injected in mice from the same genetic background. However, survival is an
incontrovertible end point, and mice deficient in caspase 1 or the inflammasome
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components, Nalp3 or ASC, demonstrated a survival advantage upon APAP challenge.
Therefore, additional studies are needed to elucidate the relative contribution of each cell
type of the innate immune system and of the signaling pathways in the pathogenesis of
APAP-induced liver injury.

Bile formation and toxicity
Bile formation is an essential function of the liver. Bile not only contains elements required
for digestion and absorption of dietary lipids and fat-soluble vitamins, but also provides an
efficient route for elimination of lipophilic toxins and xenobiotics, as well as endogenous
substances such as bilirubin, BAs, and cholesterol. Bile is formed mainly within the
hepatocytes and secreted into the bile canaliculi. It is subsequently modified during the
passage in the biliary tree through reabsorption and secretion of fluid and solutes by the
cholangiocytes lining the bile ducts, and eventually discharged into the duodenum. The
predominant organic components of the bile, the BAs, are end products of hepatic
cholesterol metabolism. Primary BA (cholic acid—CA and chenodeoxycholic acid—
CDCA) are synthesized by the hepatocytes, conjugated to either taurine or glycine, and
secreted into the bile via the bile salt export pump (BSEP), whereas secondary BA
(deoxycholic acid—DCA and lithocholic acid—LCA) are generated by transformation of
the primary BA by the intestinal bacteria. The majority of the BA pool is reabsorbed in the
terminal ileum and returns to the liver through the portal vein, where it is reexcreted into the
bile after uptake by the sodium (Na+)-taurocholate cotransporter protein (NTCP) on the
basolateral membrane of the hepatocyte (347). Given their intrinsic toxicity, intracellular BA
concentration is physiologically regulated by several transcriptional factors and nuclear
receptors, in particular, farnesoid X receptor (FXR), which directly binds the BA and
modulates the expression of a number of genes encoding BA transporters and enzymes
involved in BA metabolism (237). However, pathologic conditions associated with impaired
bile formation and excretion, referred to as cholestatic diseases, result in increased BA
concentration in the systemic blood and accumulation of BA in the liver tissue with
consequent hepatocellular damage. Although other potentially toxic bile components, as
well as cholestasis-associated inflammatory cytokines and ROS, can also contribute to the
liver damage associated with cholestasis, compelling clinical and experimental evidence
demonstrate a primary role of BA-induced hepatotoxicity in this disease. A notable example
is provided by progressive familial intrahepatic cholestasis (PFIC), a class of chronic
cholestatic disorders affecting mainly pediatric patients and characterized by inherited
defects in genes regulating biliary epithelial transporters. Patients with PFIC type 2 (PFIC-2)
carry mutations in the gene ABCB11 encoding BSEP, which results in impaired BA
excretion into the bile and severe cholestasis with bile duct proliferation (326, 327). Patients
with PFIC type 3 (PFIC-3) show deficiencies in hepatocellular phospholipid export as a
result of mutations in the MDR3 gene. The multidrug resistance (MDR) protein MDR3 is
required for translocation of phosphatidylcholine from the inner to the outer leaflet of the
canalicular membrane, a process necessary to protect the membranes of the intrahepatic bile
ducts against the toxic effect of BA (90). Mutations in MDR3 result in the inability to
secrete phospholipids and subsequent BA-induced hepatocyte damage (78). A similar
phenotype is also observed in mdr2 deficient mice, the murine ortholog of MDR3 (78, 79).
Finally, FXR knockout mice show elevated serum BA, and undergo massive hepatocyte
apoptosis and severe liver damage following administration of a cholic acid-enriched diet
due to their inability to regulate BA homeostasis, as opposed to wild-type mice who respond
to the same diet by increasing BA excretion into the bile (via upregulation of BSEP and
MDR3), decreasing BA uptake (via downregulation of NTCP), and inhibiting BA
neosynthesis (via downregulation of the rate-limiting enzyme of BA biosynthesis,
cholesterol 7α-hydroxylase) (320).
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BA-induced hepatocyte apoptosis is a common pathologic feature of cholestatic liver
diseases (128). Their toxicity is closely related to their hydrophobicity, with hydrophobic
BA being more toxic than hydrophilic ones, as well as their conjugation to either taurine
(less toxic) or glycine (more toxic). Hydrophobic BA, such as the glycine-conjugated form
of CDCA (GCDCA), in concentrations comparable to those reached within the hepatocyte
during cholestasis, have been shown to induce hepatocyte apoptosis in vitro by promoting
ligand-independent oligomerization of the death receptor Fas/CD95 (26, 94, 118, 146, 254,
297, 338, 391). The signaling cascade triggered by this event leads to the activation of
several intracellular caspases which contribute to cellular demise (see Section “Extrinsic
apoptosis by death receptors”). Accumulation of BA within the cell is an essential
requirement to induce apoptosis, as cells unable to uptake BA are resistant to BA-induced
apoptosis (127, 346). Indeed, intracellular BA accumulation promotes translocation of the
Fas/CD95 receptor from the Golgi compartment, where it is stored, to the plasma
membrane, where the increased density facilitates its spontaneous oligomerization and
activation (322). Consistently, Fas-deficient (lpr) mice show reduced caspase activation and
hepatocyte apoptosis compared to wild-type following bile duct-ligation (BDL), an
established model of extrahepatic cholestasis (146, 254). BA modulation of death receptor
signaling is not limited to activation of Fas, but also includes upregulation of DR5 (also
known as TRAIL-R2), which sensitizes the hepatocytes to the cytotoxic effect of its cognate
ligand TRAIL (151, 152), and inhibition of cFLIP, an antiapoptotic protein regulating death
receptor function (153). Indeed, prolonged bile duct ligation can eventually cause liver
injury even in the absence of Fas, despite the initial absence of damage, suggesting that
other mechanisms are also involved (254). Moreover, GCDCA has been shown to induce
apoptosis in Fas-deficient hepatocarcinoma cell lines, presumably by directly engaging the
mitochondrial pathway (298).

Interestingly, BDL mice also display elevated serum ALT levels and areas of necrotic tissue
(bile infarcts), indicating that necrosis also occurs in cholestasis. Although it is rather widely
accepted that selected BA induce apoptosis in cell culture, which form of cell death
(apoptosis vs. necrosis) would be prominent in vivo in cholestatic animals it is still somehow
controversial and certainly more challenging to establish. Several reports questioned the
hypothesis that apoptosis is the main trigger of liver injury in cholestasis, citing evidence of
extensive necrosis and/or oncosis (oncotic necrosis) with limited apoptotic cell death in the
liver of BDL rodents (104, 134, 253, 263, 304). Part of the problem in identifying apoptotic
cells in vivo resides in the ability of macrophages and Kupffer cells (and even hepatocytes
themselves) to quickly and efficiently remove the apoptotic bodies, so that the amount of
apoptotic cells in a liver specimen at any given time is always relatively low. In addition, if
the engulfing capacity of the macrophages is overwhelmed by excessive apoptosis, the
remaining apoptotic bodies will eventually undergo secondary necrosis, which shares many
morphological features with primary necrosis (204). The absence of well-established
markers to identify necrotic cells in vivo and the relatively low specificity of one of the most
commonly used assay to detect apoptotic cells (Terminal deoxynucleotidyl transferase dUTP
nick end labeling—TUNEL assay) also render this distinction quite difficult. It certainly
cannot be excluded that primary necrosis may be triggered in cholestasis either directly by
BA, or, perhaps more likely, by the inflammatory cytokines produced during the disease.
However, since both serum AST levels and bile infarcts are markedly reduced in BDL lpr
mice and in wild-type mice simultaneously treated with a pancaspase inhibitor, together with
improved animal survival, it seems likely that necrosis may be a secondary event following
apoptosis (53, 134, 254).

On the other hand, less detergent and/or more hydrophilic BA have been shown to
simultaneously activate apoptotic and cytoprotective pathways, suggesting the severity of
liver damage in cholestasis is likely determined by the balance between pro- and
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antiapoptotic signals (297, 346) (Fig. 1). For example, the tauro-conjugate of CDCA
(TCDCA) stimulates phosphatidylinositol 3-kinase (PI3K) and blocks Fas-mediated
apoptosis by preventing caspase 8 activation and translocation of Bid to the mitochondria
(297, 338). In addition, TCDCA activates nuclear factor kappa B (NF-κB) in a PI3K- and
PKCzeta-dependent manner, promoting the transcription of antiapoptotic genes (297). The
hydrophilic BA ursodeoxycholic acid (UDCA) and its tauro-conjugate (TUDCA) protect
from DCA-induced apoptosis by maintaining the mitochondrial transmembrane potential,
inhibiting mitochondrial permeability transition (MPT), and preventing translocation of Bax
to the mitochondria (293, 294). Notably, UDCA and TUDCA have become the treatment of
choice in cholestatic hepatopathies thanks to their ability to inhibit hydrophobic BA-induced
apoptosis, improve hepatobiliary secretion, and limit the immune response (9, 103, 236,
295). Several preclinical studies also suggested FXR agonists may be useful in the treatment
of cholestatic liver disease. For example, treatment with the synthetic FXR agonist GW4064
significantly reduced serum lactate dehydrogenase and transaminase levels, and decreased
inflammation, bile duct proliferation, and necrotic liver damage in cholestatic rats (231).
Also, the synthetic analog of CDCA, 6α-ethyl-CDCA (6-ECDCA) promoted bile flow and
protected against acute liver injury in a rat model of LCA-induced cholestasis (277). 6-
ECDCA is currently under development for treatment of cholestatic liver diseases including
PBC; a phase II clinical trial showed that 6E-CDCA effectively reduced alkaline
phosphatase levels in PBC patients; however, potential side effects, such as exacerbated
pruritus and increased LDL, might limit the development and use of these drugs (106).

Innate immune system
The innate immune system in the liver is comprised of the liver resident macrophages
Kupffer cells, dendritic cells, NK cells, and NKT cells (36, 85, 225, 301, 308, 314). In
addition to these cell types, innate immune functions are also ascribed to hepatocytes,
LSEC, HSC, and cholangiocytes (83, 95, 363, 382). Besides the barrier and surveillance
functions of the intestinal innate immune system, the liver is the next line of defense toward
a vast array of gut-derived endobiotics, xenobiotics, and bacterial products (111). This has
led to the evolution of a very particular innate immune system in the liver. It is characterized
by tolerance toward a vast array of self and nonself antigens (344). This tolerance permits
concurrent solid organ transplantation and transplantation across MHC barriers. On the other
hand, the establishment of chronic viral hepatitis is facilitated by the permissive immune
tolerant state of the liver (281). While these conditions are characterized by the lack of
effective protective immunity, another feature of nonmicrobial acute and chronic liver
diseases is activation of the innate immune system, termed sterile inflammation (66).
Though the innate immune system facilitates both inflammation and tissue healing in acute
hepatitis, in chronic liver diseases, its chronic activation likely forms the basis for chronic
inflammation (Fig. 2).

Rather than specific, antigen-based activation, the innate immune system is activated by
conserved molecular patterns termed pathogen associated molecular patterns (PAMPs) when
microbially derived and DAMPs when endogenous in origin (234). PAMP-based
recognition and activation of innate immune cells imparts the ability to respond to a vast
array of microbes in a rapid manner without the need for antigen processing and
presentation. Similarly, in sterile inflammatory disorders DAMP-based recognition and
activation of the innate immune system occurs. PAMPs and DAMPs are recognized by an
array of cell surface or intracellular receptors termed pattern recognition receptors (PRRs),
of which five major classes have been identified (Fig. 3). These are TLRs, nucleotide
oligomerization domain (NOD)-like receptors (NLRs), RIG-I-like receptors (RLRs), C-type
lectin receptors (CLRs), and absent in melanoma 2 (AIM2)-like receptors (19, 30, 337, 395).
The activation of proinflammatory pathways downstream of PRR activation by either
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PAMPs or DAMPs results in transcriptional and translational upregulation of cytokines such
as TNF-α, interleukin-6, type I interferons, chemokines, complement proteins, acute phase
proteins, and death ligands. DAMPs may be derived from intracellular constituents, such as
uric acid, HMGB-1, heat shock protein 70 (HSP70), ATP, or matrix-derived such as
hyaluronan. Classically, DAMPs are released from cells dying by necrosis. How apoptotic
cell death may activate sterile inflammation is not well understood. In the present model,
either secondary necrosis follows apoptosis resulting in release of DAMPs or massive
apoptosis activates the sterile inflammatory response via, as yet, undefined pathways. In this
context, it is known that the in vitro engulfment of apoptotic hepatocytes by Kupffer cells
results in their activation and secretion of the death ligands TNF-α and FasL (54). Kupffer
cells isolated from bile duct ligated mice, a model of cholestatic liver injury, also
demonstrate increased expression of death ligands, similar to the in vitro findings.

The multifaceted involvement of the innate immune system in APAP-induced liver injury
has been well described. Depletion of NK cells and NKT cells resulted in significant
amelioration of liver injury in mice injected with APAP (232), although it should be noted
these observations were obtained using DMSO to solubilize APAP. Markers of liver
inflammation including FasL, interferon-gamma and several chemokines were reduced in
the NK cell and NKT cell depletion group. Decreased liver inflammation resulted in
improved survival of mice. Kupffer cells are activated in APAP-induced liver injury (242).
This is likely due to release of DAMPs, including HMGB-1 and HSP70 from dead
hepatocytes. DNA from apoptotic hepatocytes can also activate TLR9 leading to increased
transcription of proinflammatory cytokines pro-IL-1β and prointerleukin 18 (IL-18) (167)
(Fig. 3). Independently, via activation of the NLRP3 inflammasome, caspase-1 activity is
increased, leading to increased processing of pro-IL-1β and pro-IL-18 by proteolytic
cleavage to their active forms. Endogenous modifiers of DAMP exposure to innate immune
cells also exist to keep inflammation in check. In APAP-induced liver injury CD24 and
Siglec-10 (human) or Siglec-G (mice) bind to HMGB-1, thus blocking its engagement with
PRRs (67). This response is specific to DAMPs as the inflammatory response and lethality
of lipopolysaccharide were not modulated by CD24 or Siglec-G proteins.

Besides APAP-induced liver injury described above, chronic activation of the innate
immune system with inflammation is a feature of nonalcoholic steatohepatitis (NASH) (10).
Intrahepatic macrophages are increased in patients with NASH and correlate with severity of
histologic activity (77). Experimental models suggest a role for both cholesterol and palmitic
acid in activating Kupffer cells or macrophages in type II diabetes, respectively (34, 88).
Inhibition of recruitment of circulating monocytes into the liver in steatohepatitis results in
dampened inflammation (13). NKT cell depletion was observed in the liver in NASH (123);
however, it is not clear how this may promote steatohepatitis. Inflammatory cytokines and
chemokines are elevated in alcoholic steatohepatitis, and alcohol modulates many aspects of
the innate immune system, depending on duration and extent of exposure. In experimental
models, it can activate TLR4 and complement and inhibit NK cells (112). Overall, alcohol
use impairs systemic innate and adaptive immune responses (213, 330).

Models of Liver Cell Death
Apoptosis: Definitions, concepts, and relevance in the liver

Cell death in the liver occurs mainly by apoptosis or necrosis, although other forms of cell
death may occasionally occur (181, 182). Apoptosis is morphologically characterized by
chromatin condensation and marginalization, DNA fragmentation, plasma membrane
blebbing, cell shrinkage, and ultimately cell fragmentation into membrane-bound, organelle-
containing bodies named apoptotic bodies (385). The apoptotic bodies are eventually
recognized and eliminated by phagocytosis by macrophages or other neighboring cells.
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Biochemically, apoptosis is accompanied by events such as externalization of
phosphatidylserine on the outer leaflet of the plasma membrane, increased mitochondrial
membrane permeability with subsequent release of proteins normally residing in the
intermembrane space, and activation of a family of cysteine proteases named caspases.
Apoptosis is responsible for the physiological removal of unwanted cells, such as damaged
or senescent cells, in mature tissues, as well as tissue remodeling during development. By
counterbalancing mitosis, apoptosis is paramount to ensure liver tissue homeostasis during
normal cell turnover, and to control liver growth and regeneration. However, because of the
low rates of cell turnover in the liver and the rapid elimination of the apoptotic bodies by
engulfing cells, identification of apoptosis in vivo, especially under physiological conditions,
may be difficult. In normal human and rat livers, apoptotic bodies have been identified
preferentially in the perivenular area (zone 3) (24, 25). According to the proposed
“streaming liver” model, in which new hepatocytes would originate in the periportal area
(zone 1 and 2) and “stream” out toward the perivenular region (zone 3), older hepatocytes
would be found in zone 3, explaining the higher rates of apoptosis in that region (399). This
model, however, is controversial (47, 185). Nonetheless, the importance of apoptosis in
regulating liver volume is demonstrated by several experimental observations. First, mice
deficient in the death receptor Fas/CD95, a main mediator of apoptosis in the liver, display
substantial liver hyperplasia (2). Second, regression of liver hyperplasia in different
experimental models occurs by apoptosis (50, 74, 119). And third, in two rat models of
biliary epithelial cell hyperplasia, regression of abnormally proliferated bile ducts is
achieved mainly by biliary epithelial cell apoptosis (31). Finally, apoptosis has also been
shown to promote liver regeneration by releasing growth signals that stimulated the
proliferation of progenitor cells. Indeed, mice lacking caspase 3 or caspase 7, two key
executioners of apoptosis, show impaired liver regeneration (219).

The Nomenclature Committee on Cell Death has recently published new recommendations
for a functional classification of cell death based on biochemical criteria rather than the
previously used morphological characteristics (109). The need for a new systematic
classification stemmed from the discovery that cell deaths with similar morphological
phenotypes can result from rather different biochemical and functional events. Maintaining
the old distinction between extrinsic apoptosis (death receptor-initiated) and intrinsic
apoptosis (caused by intracellular stress), the new guidelines now further distinguish
between caspase-dependent and caspase-independent intrinsic apoptosis. This distinction is
mainly done based on the ability of caspase inhibitors to block cell death once the
mitochondria are permeabilized. In the liver, the intrinsic and extrinsic pathways of
apoptosis intersect through the caspase 8-mediated cleavage of the proapoptotic Bcl-2
family member Bid (129).

Extrinsic apoptosis by death receptors
The extrinsic pathway of apoptosis (or extrinsic apoptosis) refers to a signaling pathway
triggered by the binding of a specific class of transmembrane receptors (named death
receptors) to their cognate ligands. Death receptors include Fas (also known as CD95), TNF-
α-receptor 1 (TNF-R1) and death receptor 4 and 5 (DR4 and DR5, also known as TRAIL-
R1 and TRAIL-R2, respectively), all of which are ubiquitously expressed in the liver to
various extents (93). Their ligands (FasL/CD95L, TNF-α, and TRAIL) are mainly expressed
by cells of the immune system and play a fundamental role in the elimination of virally
infected, transformed, or damaged hepatocytes. Indeed, apoptosis in the liver is largely
mediated by death receptors in disease states (5, 89, 129, 238, 302, 303, 305, 393, 396).
Binding of the receptor to its ligand results in recruitment of several adaptor proteins and
initiator procaspases 8 and 10 to form a large multiprotein complex (referred to as death-
inducing signaling complex or DISC). The DISC provides a platform for dimerization and
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activation of caspase 8 and caspase 10. Active caspase 8/10 then start a proteolytic cascade,
culminating in the activation of the effector caspases, caspase 3, 6, and 7, and ultimately
cleavage and degradation of cellular proteins leading to cell death. In cells that utilize the so-
called type I death receptor signaling (i.e., lymphocytes), the activation of effector caspases
occurs by direct cleavage from the initiator caspases, whereas in cells that rely on type II
signaling (i.e., hepatocytes, cholangiocytes) effector caspases are activated after
mitochondrial outer membrane permeabilization (MOMP) and release of mitochondrial
proapoptogenic factors, such as cytochrome c and second mitochondrial activator of
caspases/direct IAP binding protein with low PI (SMAC/DIABLO) (130). Mediating the
mitochondrial dysfunction is the cleavage of the BH3-only protein Bid by caspase 8, which
generates a truncated fragment (tBid) that translocates to the mitochondria and cooperates
with the proapoptotic Bcl-2 proteins Bax and Bak to induce MOMP (Fig. 4). Cytochrome c
binds to apoptotic protease activating factor 1 (Apaf-1) and procaspase 9 in a complex
termed the apoptosome, which facilitates caspase 9 activation and subsequent activation of
the effector caspases. At the same time, SMAC/DIABLO binds and neutralizes the X-
chromosome linked inhibitor of apoptosis protein (XIAP), an endogenous inhibitor of
effector caspases, allowing the apoptotic cascade to proceed (Fig. 5). As some of our recent
publications have extensively covered this topic, the reader is referred elsewhere for a more
detailed description of the signaling pathways activated by death receptors (130, 239, 394).

Hepatocytes have been regarded as type II cells based on the initial observation that Bid−/−

mice were resistant to hepatocyte apoptosis and fulminant liver injury following injection of
an agonistic antibody against Fas, suggesting mitochondria are required for Fas-induced
apoptosis in the liver (394). Since then, countless reports have confirmed these results both
in vivo and in vitro. Interestingly, recent studies have challenged this classification,
suggesting that the strength of the Fas signal is really what determines whether hepatocytes
act as type I or type II cells. Indeed, using a new hexameric form of soluble FasL, which
provides a significantly stronger signal than commonly used agonistic antibodies and soluble
cross-linked FLAG-FasL, the authors were able to induce hepatocyte apoptosis and liver
failure in Bid−/− mice through a typical type I cell signaling (306). Therefore, it appears that
weaker Fas stimulation would require activation of Bid and mitochondria dysfunction to
achieve sufficient caspase activation (type II signaling), whereas stronger Fas stimulation
would result in direct activation of effector caspases by caspase 8 (type I signaling). In the
latter instance, Bid would only amplify the apoptotic signal. Borner and colleagues also
demonstrated that cultured primary hepatocytes do not require Bid for FasL-mediated
apoptosis (367). These observations can be reconciled with previous studies demonstrating
that activation of the mitochondrial pathway following stimulation with soluble cross-linked
FLAG-FasL (a “weak” signal) is necessary to overcome the resistance conferred by XIAP in
hepatocytes, and that inhibition of XIAP can switch Fas-induced apoptosis from type II to
type I (176).

Recently, there has been a renewed interest in the IAP family of proteins and their role in
death receptor signaling. The mammalian IAPs, cellular IAP 1 and 2 (cIAP1 and cIAP2),
and XIAP, regulate cell survival by means of their ability to ubiquitinate different cellular
substrates and to bind and inhibit effector caspases (139). In particular, cIAP1 and cIAP2
contribute to the formation of an ubiquitin-dependent signaling complex in response to
TNF-α that modulates the activation of the transcription factor NF-κB, therefore, controlling
the expression of several antiapoptotic genes (358), while XIAP is a potent caspase inhibitor
acting downstream of mitochondria (87). Overexpression of IAPs, a common feature of
cancer cells, is associated with increased resistance to apoptosis by chemotherapeutic drugs
and death receptor agonists (164); conversely, inhibition of IAPs often restores cancer cell
sensitivity to apoptosis (209, 364). Hepatobiliary cancer cells are generally resistant to the
death ligand TRAIL, due to the overexpression of antiapoptotic proteins. We have recently
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shown that cIAP1 inhibition, either by genetic manipulations or by using a small molecule
mimicking the IAP-binding domain of SMAC that induces rapid cIAP1 degradation,
sensitizes hepatocellular carcinoma cell lines to TRAIL-induced apoptosis, demonstrating
that cIAPs play a crucial role in the regulation of TRAIL signaling (133). In addition to
cIAP1, inhibition of XIAP also restores TRAIL sensitivity in CCA cells. In cholangiocytes,
TRAIL induces apoptosis via a mitochondria-dependent pathway (type II), which is
frequently inhibited in CCA cells due to the overexpression of the antiapoptotic Bcl-2
protein Mcl-1 (341). Downregulation of XIAP converts TRAIL signaling from type II to
type I signaling, bypassing the mitochondria, and therefore, overcoming the Mcl-1 block
(206). Similarly, hepatocytes undergo Fas-induced apoptosis independent of Bid and
mitochondria dysfunction when XIAP is genetically deleted or pharmacologically inhibited
(176). As both TRAIL agonists and SMAC mimetics have recently been developed and have
entered clinical trials for some human malignancies, these data would suggest that the use of
these two agents in combination may be beneficial in the treatment of hepatobiliary cancers.
However, since the SMAC mimetics have been shown to increase hepatocyte sensitivity to
Fas, the use of these compounds in patients with underlying liver conditions calls for caution
(176).

Another interesting regulator of death receptor signaling is cellular FADD-like IL-1beta-
converting enzyme (FLICE) inhibitory protein (cFLIP), in particular, its long isoform
cFLIPL. cFLIPL shares close structural homology with caspase 8, but, unlike caspase 8, has
no catalytic activity due to the absence of a cysteine in the catalytic motif. The different
isoforms of cFLIP have been long believed to be inhibitors of death receptor-mediated
apoptosis due to their ability to compete with caspase 8 in binding to the adaptor Fas-
associated protein with death domain (FADD), therefore, preventing caspase 8
homodimerization and activation. Indeed, heterodimerization of cFLIPL with caspase 8 does
occur in the DISC in response to death receptor stimulation; however, this
heterodimerization does not prevent caspase 8 activation, stirring a controversy on whether
cFLIPL is proor antiapoptotic (39, 252). Recent studies have now demonstrated that the
cFLIPL:caspase 8 heterodimer has a different substrate specificity than the caspase 8:caspase
8 homodimer, and is involved in executing the nonapoptotic functions of caspase-8,
specifically, the inhibition of receptor interacting kinase-3 (RIPK or RIP-3)-dependent
necrosis (163, 272). Therefore, cFLIPL acts as a switch to convert caspase 8 from a pro-
apoptotic molecule into an antinecrotic one. This antinecrotic function of caspase 8 is
essential during development, as Casp8−/− mice die at embryonic day E10.5 due to
extensive TNF-α-mediated, RIPK3-dependent necrosis of endothelial, cardiac, and
hematopoietic cells (180, 272, 359). Likewise, cFlip−/− mice display a similar phenotype
and die at the same stage of embryonic development (390). In the liver, where RIPK3 is
expressed at minimal levels (329), cFLIPL exerts its antiapoptotic effect by preventing death
receptor-induced caspase 8 homodimerization, as well as by activating NF-κB and Mitogen-
activated protein kinases (MAPK) pathways (124, 275). Overexpression of cFLIPL is
frequently observed in human hepatocellular carcinoma cell lines, and correlates with
resistance to death receptor-mediated apoptosis (275). Downregulation of cFLIPL often
restores the sensitivity to death receptor-mediated apoptosis (110, 124).

Intrinsic apoptosis by organelle dysfunction
The intrinsic pathway of apoptosis (or intrinsic apoptosis) can be triggered by a variety of
intracellular stress inducers, including DNA damage, oxidative stress, UV and γ-irradiation,
toxins, growth factor deprivation, and endoplasmic reticulum (ER) stress. Regardless of the
nature of the initiating stimulus or the intracellular organelle where they may originate, all
these intracellular signaling cascades ultimately converge at the mitochondria, resulting in
mitochondrial dysfunction and MOMP.
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Mitochondria
The intrinsic pathway of apoptosis is tightly regulated by the Bcl-2 family of proteins, which
act both upstream and at the level of the mitochondria to integrate death and survival signals
(75, 397). The Bcl-2 proteins share various degrees of homology within four conserved
regions termed Bcl-2 homology (BH) 1-4 domains, and are classified into three main
subclasses, based on this homology and on their function. The first class comprises the
antiapoptotic proteins Bcl-2, Bcl-xL, Bcl-w, Mcl-1, and A1, containing all four BH domains;
the second class includes the proapoptotic multidomain Bax, Bak, and Bok, containing BH
1-3 domains; and finally, the third class of proapoptotic members of the family includes Bid,
Bim, Bad, Bik, Bmf, Hrk, Noxa, and Puma, all possessing only the BH3 domain (named
BH3-only proteins). Following different intracellular stress signals, members of the BH3-
only subclass are activated and contribute to the activation of Bax and/or Bak.
Conformational changes in Bax and Bak associated with their activation allow their
insertion into the outer mitochondrial membrane and/or oligomerization into large molecular
complexes to form proteolipid pores, resulting in MOMP (267). Bax and Bak have
redundant functions as one can generally compensate for the absence of the other (193, 229);
however, the presence of either one is essential for apoptosis, as mice deficient in both Bax
and Bak show severe apoptotic defects and perinatal mortality, and cells simultaneously
lacking Bax and Bak are resistant to multiple proapoptotic stimuli (229, 373). Some BH3-
only proteins (named “activators”), such as Bid, Bim, and Puma, directly bind and activate
Bax and Bak (186, 218), whereas the other BH3-only proteins (named “sensitizers” or
“derepressors”), such as Bad and Noxa, can only bind the antiapoptotic proteins, but not Bax
and Bak, therefore, promoting apoptosis by preventing the binding and sequestration of the
activators by the antiapoptotic proteins (207, 381) (Fig. 5). Consistently,
Bid−/−Bim−/−Puma−/− triple knockout mice show the same developmental defects observed
in Bax−/−Bak−/− double knockout mice; moreover, in cells simultaneously deficient in Bid,
Bim, and Puma, Bax, and Bak do not oligomerize in response to various death signals
despite the presence of other BH3-only molecules (287). Thus, at least one of these three
BH-3 only proteins, Bid, Bim, or Puma, is necessary for activation of Bax and Bak, likely in
a cell-dependent and stimulus-dependent fashion. Bid also provides a cross-talk between the
extrinsic and the intrinsic pathway. Indeed, in type II cells such as the hepatocytes, death
receptor-activated caspase 8 cleaves Bid, which, in turn, translocates to the mitochondria
and activates Bax or Bak (221, 235).

Besides being caused by the pore-forming activity of Bax and Bak, MOMP can also be
triggered by a phenomenon called the MPT characterized by the opening of a multi-protein
channel in the contact sites of the mitochondrial inner and outer membrane (PT pore, PTP),
inner mitochondrial membrane depolarization, matrix swelling and, eventually, breaches in
the mitochondrial outer membrane (48). As a consequence of the loss of the mitochondrial
outer membrane integrity, several proapoptotic proteins, including cytochrome c, SMAC/
DIABLO, apoptosis-inducing factor (AIF), and endonuclease G are released from the
intermembrane space into the cytosol (299). Whereas cytochrome c and SMAC/DIABLO
contribute to the apoptotic cascade by promoting the activation of effector caspases (61,
223) (Fig. 5), AIF and endonuclease G translocate to the nucleus and mediate DNA
degradation independent of caspase activity (177, 222).

To execute both intrinsic and extrinsic apoptosis, liver cells depend heavily on MOMP and
its regulation by the Bcl-2 proteins. Insights on the role of single Bcl-2 proteins in liver
biology and pathobiology have been gained from studies employing genetically deficient
mice. Among the antiapoptotic members, Bcl-xL and Mcl-1, but not Bcl-2, are highly
expressed in hepatocytes (65, 350). Interestingly, conditional deletion of either Bcl-xL or
Mcl-1 in the liver produces a similar phenotype characterized by chronic liver damage and
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liver fibrosis, suggesting Bcl-xL and Mcl-1 have nonredundant functions in the hepatocyte.
These mice show spontaneous activation of caspase 3 and 7, widespread hepatocyte
apoptosis, elevated serum aminotransferases, and increased hepatocyte sensitivity to
apoptotic stimuli (156, 336, 361). Consistently, mice with liver-specific conditional deletion
of both Bcl-xL and Mcl-1 display decreased number of hepatocytes and liver volume on day
18.5 of embryogenesis, and die perinatally due to hepatic failure (156). Therefore, Mcl-1
and Bcl-xL cooperate to regulate liver development and adult liver homeostasis. The liver
being constantly exposed to a variety of apoptosis-inducing stimuli, it does not surprise that
both Bcl-xL and Mcl-1 are simultaneously required to prevent unnecessary cell death.
Apoptosis caused by Bcl-xL deficiency is completely dependent on the BH3-only protein
Bid, as Bid−/−Bcl-xL

−/− double knockout mice display levels of spontaneous hepatocyte
apoptosis and serum aminotransferases comparable to those of wild type mice (155).
Moreover, either Bax or Bak are required for Bid-dependent apoptosis in Bcl-xL deficient
hepatocytes, as single deletion of Bax or Bak in Bcl-xL

−/−Bax−/− or Bcl-xL
−/−Bak−/− double

knockout mice is not sufficient to prevent spontaneous liver injury, whereas simultaneous
deletion of Bax and Bak in Bcl-xL

−/−Bax−/−Bak−/− triple knockout mice is (155). Both Bid−/−

mice and Bim−/− mice do not have any liver phenotype under physiological conditions (184,
394); however, Bid is essential for FasL-induced hepatocyte apoptosis (394) and contributes
to TNF-α-mediated hepatocyte apoptosis together with Bim (125, 184, 392), while Bim
plays a crucial role in TRAIL-induced liver cell apoptosis (377, 378).

Lysosomes
Lysosomes can undergo selective membrane permeabilization and partial release of their
content in response to a variety of death stimuli, including lipid mediators, oxidative stress,
photodamage, and, in selected cell types, engagement of death receptors (44, 131). Among
the lysosomal enzymes released into the cytosol, the lysosomal cathepsins, and especially
the aspartic protease cathepsin D and the cysteine protease cathepsin B, play a major role in
the execution of the apoptotic cell death (44, 288). These proteases can participate in the cell
death process either cooperating with caspases or via caspase-independent mechanisms; the
latter become particularly relevant in pathologic conditions, such as cancer, in which
caspases are frequently inactive (98, 107). In addition, immortalization and transformation
during tumori-genesis are associated with enhanced lysosome fragility, increase in cathepsin
B expression and sensitization to cathepsin B-mediated cell death, making lysosomes an
attractive target in cancer therapy (96, 97, 190). Cathepsins released in the cytosol following
lysosomal membrane permeabilization (LMP) contribute to the apoptotic cascade upstream
of the mitochondria (42, 43, 72, 86, 125, 126, 289, 291, 325, 377, 378). This process has
been referred to as the lysosomal pathway of apoptosis (131) (Fig. 6). Several cathepsin
substrates have been identified that can link LMP to mitochondrial dysfunction and MOMP.
For example, Bid is cleaved and activated by a number of cysteine cathepsins, as well as the
aspartic cathepsin D, both in cell-free systems and in several cell lines (38, 72, 86, 147,
325). Cysteine cathepsins also cleave the antiapoptotic Bcl-2, Bcl-xL, and Mcl-1 (38, 72),
whereas Bax is a substrate for cathepsin D (33). Finally, cathepsin B contributes to caspase 2
activation and subsequent mitochondrial dysfunction in TNF-α/actinomycin D-treated
murine hepatocytes (125), although likely not via direct cleavage, as cathepsins are unable to
directly cleave caspases in cell-free systems (325).

What triggers lysosomal permeabilization has been the subject of extensive study in the past
few years, especially in the liver, where the lysosomal pathway of apoptosis plays a crucial
role both in death receptor-mediated cell death (94, 124, 126, 378) and in several
experimental models of liver injury (20, 56, 100, 132). In addition to a number of exogenous
agents known to induce LMP, including L-Leucyl-l-leucine methyl ester (351), sphingosine
(178), hydroxychloroquine (43), and the antibiotics ciprofloxacin and norfloxacin (42),
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several endogenous mediators of LMP have been identified. One of these mediators is the
membrane phospholipid sphingomyelin, which can be converted to ceramide by acid
sphingomyelinase in the lysosomal lumen, and subsequently to sphingosine by ceramidase.
Accumulation of ceramide or sphingosine within the lysosomes is associated with increased
lysosomal membrane permeability and TNF-α-mediated cathepsin D activation (147, 148).
Binding of TNF-α to TNF-R1 also triggers the recruitment of factor associated with neutral
sphingomyelinase activation (FAN) to TNF-R1, which results in stimulation of a neutral
sphingomyelinase and generation of sphingosine and ceramide (307). Consistently, FAN is
required for TNF-α-induced hepatocyte apoptosis (376). But possibly the most intriguing
finding in the liver is that LMP is mediated by proteins of the Bcl-2 family. Several lines of
evidence now show the involvement Bax, Bim, Mcl-1, and Bid in lysosomal
permeabilization in different models of liver injury (100, 376-378). While Bid seems to be
required for TNF-α-induced LMP in normal hepatocytes, its presence is dispensable to
induce TRAIL-mediated LMP in CCA and hepatocellular carcinoma cells (376-378).
TRAIL treatment in these cells results in JNK-mediated activation of Bim, translocation of
Bim and Bax to the lysosomes, and Bim/Bax-dependent LMP upstream of mitochondrial
dysfunction (377, 378). Translocation of Bim and Bax to the lysosomes is mediated by
phosphofurin acidic cluster sorting protein-2 (PACS-2) (377), a multifunctional protein
regulating membrane traffic, which has also been implicated in translocation of Bid to the
mitochondria during TRAIL-induced hepatocyte apoptosis (11). This multiprotein complex
comprising Bim, Bax, and PACS-2 has been named the PIXosome (Fig. 7).

Endoplasmic reticulum
Hepatocytes are abundant in both smooth ER (SER) and rough ER (RER). Several of the
metabolic functions of the hepatocyte are localized to either the SER, such as xenobiotic
metabolism, or the RER, such as protein folding. Gluconeogenesis, lipid synthesis, and
storage and regulation of intracellular calcium levels are some of the other functions
localized in the ER. The ER is susceptible to alterations in its myriad functions, leading to a
state of ER stress. Classically, the protein folding function of the ER is interrupted under
conditions of ER stress. A homeostatic adaptive pathway is activated under conditions of ER
stress, termed the unfolded protein response (UPR), as it was first described under
conditions of accumulation of misfolded proteins in the ER lumen (200). The UPR is now
recognized as a series of ER-to-nucleus signals that collectively are geared toward restoring
ER homeostasis (Fig. 8). Besides misfolded proteins, several other stimuli, not all of which
disrupt protein folding, can activate the UPR sensors (212). ER stress can be induced by
calcium depletion, such as with thapsigargin, glycosylation inhibitors, such as tunicamycin,
alterations in redox protein folding, and lipid loading of the ER, such as with palmitate.

The three canonical UPR sensors are inositol requiring protein 1α (IRE1α), protein kinase
RNA-like ER kinase (PERK), and activating transcription factor 6α (ATF6α) (240). All
three are ER transmembrane proteins, normally inhibited by lumenal binding to the ER
chaperone GRP78/BiP (glucose regulated protein 78/immunoglobulin binding protein). The
UPR sensors are activated upon release of inhibitory binding by BiP, though there is
evidence for direct activation of IRE1α by misfolded peptides in yeast (28, 113). Upon
activation, PERK phosphorylates the α subunit of eukaryotic initiation factor 2 (eIF2α)
leading to global attenuation of mRNA translation; however, the transcription factor
activating transcription factor 4 (ATF4) is preferentially translated. ATF4 increases
transcription of several genes involved in redox response, amino acid metabolism and the
transcription factor C/EBP homologous protein (CHOP). IRE1α has dual kinase and
ribonuclease (RNase) functions. IRE1α splices XBP-1 to generate the mRNA for spliced
XBP-1, a potent transcription factor that activates transcription of genes encoding ER
chaperones, endoplasmic reticulum-associated degradation (ERAD) components, and ER
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biogenesis (150). Regulated IRE1α-dependent decay of mRNA has been observed in vitro,
and may modulate liver injury in vivo(165). ATF6α is cleaved in the Golgi by site 1 protease
(S1P) and site 2 protease (S2P) to an active transcription factor, which drives expression of
several UPR target genes, including XBP-1.

The UPR sensors buffer physiologic and pathologic variations in protein folding and ER
stress and are overwhelmingly an adaptive response, yet under conditions of sustained or
relentless ER stress, apoptosis will occur (240, 331). Several mediators of ER stress-induced
apoptosis have been defined, CHOP being one of them, as its absence protects against ER
stress-induced apoptosis (406). Growth arrest and DNA damage inducible protein (Gadd34)
is a CHOP target gene. Along with protein phosphatase 1 (PP1), it leads to
dephosphorylation of eIF2α, leading to resumption of protein translation. The entry of
nascent proteins into the ER increases the folding load and thus worsens ER stress (241).
Proapoptotic transcriptional targets of CHOP are DR5 and Bim (282, 389). Moreover,
exogenous CHOP can promote apoptosis by decreasing the antiapoptotic protein Bcl-2
(247). Recent work has linked the CHOP target ER oxidase 1α (ERO1α)-induced oxidative
stress, the calcium sensing kinase CaMKII, and the ER calcium channel inositol 1,2,5-
triphosphate receptor activity to ER stress-induced apoptosis (220, 345). IRE1α can also
activate apoptotic signaling pathways by recruitment of signaling proteins. TRAF2 is
recruited by activated IRE1α, activating the stress kinase JNK, which can engage the
intrinsic apoptotic machinery at many levels (352, 386).

Recent studies have linked UPR sensors to many aspects of the physiologic functions of the
liver, such as lipogenesis and gluconeogenesis; these are generally independent of ER stress
(214, 370). However, ER stress has been observed in many liver diseases. UPR pathways
are activated in the livers of obese patients (120). Furthermore, palmitic acid, a physiologic
free fatty acid which can be toxic when elevated, activates UPR pathways in cell culture
systems (368). CHOP can transcriptionally activate the proapoptotic protein PUMA and
induce expression of DR5 in palmitic acid-treated hepatocytes (58, 59). Hepatitis C virus
infection has also been shown to activate the UPR (250). This may be an attempt at
subverting the cellular machinery to synthesize and correctly fold new viral proteins, and
may not be directly apoptogenic. However, low-level activation of the UPR promotes
responsiveness and adaptation to additional misfolded proteins. UPR is also activated by
cholestasis (40). In alcohol-induced liver injury, hepatocyte apoptosis is CHOP dependent
(172). In acute toxin-induced liver injury, such as tunicamycin, microvesicular steatosis
develops due to activation of the UPR and increases in de novo lipogenesis (214). IRE1α
activation may be protective, as demonstrated in a mouse model of APAP-induced liver
injury, through IRE1α-dependent degradation of cytochrome P450 family mRNAs, leading
to decrease in oxidative metabolism of APAP (165). Thus, the UPR is activated in the liver
under many different conditions, and may be part of the general stress response of the liver.
In some instances, it appears to be protective, while in others it may mediate apoptosis and
injury.

Necrosis: Definitions, concepts, and relevance in the liver
Necrosis is a term derived from the Greek “necros” for corpse (162). In cell culture and
presumably in vivo, cells undergoing necrosis form large plasma membrane blebs devoid of
organelles (115). Loss of the plasma membrane permeability barrier due to bleb rupture is a
cardinal morphologic feature of necrosis (115); indeed, experimentally, necrosis is identified
by uptake of membrane impermeant dyes (e.g., trypan blue, sytox green, propidium iodide,
etc.). Rupture of the plasma membrane results in release of cellular constituents into the
extracellular environment, a pathological process which can elicit a significant inflammatory
response (162). Thus, necrosis is thought to be a much more inflammatory mode of cell

Guicciardi et al. Page 16

Compr Physiol. Author manuscript; available in PMC 2013 December 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



death as compared to apoptosis. Necrosis has also been considered an unregulated form of
cell death, with multiple simultaneous cellular events culminating in cell swelling and
plasma membrane rupture. These necrotic processes include loss of ion homeostasis causing
cell swelling, increases in cellular free calcium, activation of diverse proteases and
phospholipases, and loss of mitochondrial integrity (238). A great deal of attention has been
focused on the role of mitochondria in necrosis as ATP depletion due to loss of
mitochondrial oxidative phosphorylation is a biochemical hallmark of necrosis.
Mitochondrial dysfunction in necrosis is characterized by the MPT (202). The MPT results
in a collapse of ion gradients across the inner mitochondrial membrane causing a drop in the
mitochondrial membrane potential, an essential component of the proton motive force which
drives oxidative phosphorylation. Loss of oxidative phosphorylation is associated with rapid
depletion of cellular ATP, precluding maintenance of ion pumps, intracellular calcium
homeostasis, and other cellular processes (238). The molecular characterization of the MPT
remains controversial. Although the voltage-dependent anion channel, and the adenine
nucleotide transporter have been implicated in the MPT, knockout of either gene does not
prevent the MPT (285, 366). However, knockout of cyclophilin D, a component of the pore
that regulates mitochondrial depolarization, does inhibit the MPT and limit ischemic tissue
injury (285).

Necrosis is a feature of APAP-induced liver injury. Irreversible mitochondrial dysfunction is
a prerequisite for necrotic cell death, therefore, several studies have characterized the
mitochondrial changes that occur in hepatocytes both in vivo and in vitro upon APAP
challenge (192). Mice deficient in cyclophilin D are protected from APAP-induced liver
injury and DNA damage (284). In APAP overdose, the toxic metabolite NAPQI is generated
by cytochrome p450-mediated metabolism. NAPQI detoxification requires glutathione, thus
glutathione depletion occurs early in APAP overdose (16). This is associated with oxidative
stress and nitrative stress. The kinetic of ALT release is dependent on nitration of the protein
manganese superoxide dismutase by nitric oxide generated by neuronal nitric oxide synthase
(nNOS) (4). The overall relevance of this is questionable, as nNOS-deficient mice had
similar glutathione depletion and histologic injury. The stress kinase JNK is activated by
APAP and mediates liver injury, as inhibition of JNK in APAP-injected mice protects from
APAP toxicity (135). This protection occurs in spite of comparable glutathione depletion
and covalent protein binding by NAPQI in mice treated with JNK inhibitor compared with
control mice. Release of DAMPs occurs in APAP toxicity, and acts as a stimulus for
activation of inflammatory pathways, as discussed in detail in Section “Portal Blood Flow
and Toxic Xenobiotics.” This could occur from primary oncotic necrosis or be due to
secondary necrosis of apoptotic hepatocytes. Thus, a model emerges where APAP has
multiple cellular targets and activates multiple pathways that can result in both apoptotic and
necrotic cell death.

Necrotic cell death is also a prominent feature of ischemia/reperfusion (I/R) liver injury. I/R
is a complex process that results in hepatic cell death via a combination of oncotic necrosis
and apoptosis (1, 169). The cellular damage initiates during the ischemic phase, when
interruption of the blood (and oxygen) supply causes a drop in ATP production by oxidative
phosphorylation, and continues during the reperfusion phase. A second round of injury then
ensues from the activation of the innate immune system, in particular with the activation of
Kupffer cells and infiltration and accumulation of neutrophils and T lymphocytes (1). Warm
ischemia occurs at body temperature, when the blood flow to the liver is temporarily
interrupted, such as during surgical resection; cold ischemia occurs during cold perfusion
and storage of the liver for transplantation after explantation from the donor. Cell death
during I/R injury targets mainly hepatocytes and LSEC. Hepatocytes seem to be most
susceptible to necrotic cell death after warm ischemia, whereas LSEC are preferentially
targeted after cold ischemia (46, 52). During the ischemic phase, necrosis is delayed by the
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acidosis associated with hypoxia (117). The damage occurs mainly during warm
reperfusion, when the physiological cellular pH and oxygen supply is restored, resulting in
opening of MPT pores, mitochondrial inner membrane permeabilization, drop in
mitochondrial membrane potential, formation of ROS, perturbations in the homeostatic
concentrations of Ca2+, Na+, and H+, and cell swelling, leading to necrotic cell death.
Necrosis is then further exacerbated by the effect of ROS and proinflammatory cytokines,
including TNF-α and IL-1β, produced by activated Kupffer cells, which recruit and activate
neutrophils and CD4+ T lymphocytes, activate LSEC and stimulate their adhesion to
platelets, and stimulate further ROS and inflammatory cytokine and chemokine production
in hepatocytes (32, 144, 233, 262, 340). Therapeutic strategies aimed to prevent ATP
depletion, MPT, Kupffer cells activation, neutrophils infiltration, and/or ROS damage have
all been proven useful to reduce I/R liver injury (51, 161, 170, 188, 198, 257, 274, 340).
However, apoptosis can also occur as a result of MPT; indeed, inhibitors of MPT, such as
cyclosporin A and its analogs, administered during reperfusion prevent both I/R-induced
apoptosis and necrosis (187, 188, 189). MPT triggers apoptosis via the cytochrome c-
mediated activation of caspase 9 through the formation of the apoptosome. This process is
completely ATP dependent, therefore, it has been suggested that the number of
mitochondria affected by the MPT determines the cellular response to the damage. When the
number of damaged mitochondria in the hepatocyte is relatively low, the cellular ATP level
is preserved and MOMP would result in apoptosis rather than necrosis. On the contrary,
when the majority of mitochondria in the cell are dysfunctional, the normal ATP production
can no longer be maintained causing the cell to die by necrosis (169, 188, 216). Therefore,
apoptosis could represent an early phase of the I/R injury or the response to a milder injury.
Several studies underlined the importance of apoptosis in hepatic cold ischemia/warm
reperfusion in both animal models and human allografts (41, 196, 205, 266, 321). Similarly
to necrosis, apoptosis targets primarily hepatocytes and LSEC, with LSEC apoptosis
generally preceding hepatocyte apoptosis (196, 321). Pharmacological and genetic
manipulation of critical apoptotic mediators (such as caspases and Bcl-2 proteins) have
shown to reduce hepatic I/R injury (21, 35, 76, 264, 312, 313).

RIPK1-mediated cell death by necrosis or necroptosis
Recently, there has been renewed interest in necrosis as the receptor interacting kinase-1
(RIPK1 or RIP-1) has been implicated in regulated necrotic pathways and is druggable by
kinase inhibition (81). Pathways have recently been described that mediate a form of
programmed and regulated necrosis, often referred to as necroptosis (357). This specialized
pathway of necrosis has been best described in L929 mouse fibrosarcoma cells (357).
However, developmental observations in mice and in other models have served to
substantiate this mode of cell death. The best trigger described to date for necroptosis has
been TNF-α (Fig. 9) (108). Following TNF-α binding to its cognate death receptor TNF-R1,
cIAP1 and 2 are recruited to the receptor complex promoting ubiquitination of RIPK1 and
other proteins (80). These cIAP-driven ubiquitination events favor NF-κB activation, which
promotes inflammatory signaling, but also ensures survival of the cell by enhancing NF-κB
mediated transcriptional upregulation of cFLIPL which effectively inhibits TNF-α induced,
caspase 8-mediated apoptosis (70). Inflammatory signaling by TNF-α is the default response
to this ligand. In the liver, if NF-κB is inhibited, cell death by a caspase 8-dependent
apoptotic pathway occurs dependent upon the proapoptotic BH3-only proteins, Bid or Bim
(184). However, if RIPK1 is not ubiquitinated, or if it is deubiquitinated by CYLD (270), it
can initiate a cell death cascade by phosphorylating and activating RIPK3, which, in turn,
phosphorylates and activates the mitochondrial phosphatase phosphoglycerate mutase 5
(PGAM5) (62, 328). Interestingly, active PGAM5 appears to mediate multiple necrotic cell
death pathways; how this occurs and its relevance to multiple human disease models will be
a subject of intense investigation. However, if indeed PGAM5 is critical for necrosis, its
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function may provide insight into the MPT in general, and may prove to be a critical target
for preventing multiple forms of liver injury. The pharmacologic small molecule necrostatin
1 inhibits RIPK1 and prevents necroptosis in most cellular models—a very useful
experimental tool (81). Necroptotic signaling is also suppressed by caspase 8-mediated
cleavage of RIPK1 and/or CYLD (270). In this regard, caspase 8 activity is a major inhibitor
of necroptotic cell signaling, and therefore, apoptosis appears to be the cell's preferred route
of demise. For example, Casp8−/− knockout mice are embryonic lethal due to embryonic
necroptosis, a phenotype rescued by simultaneous knockout of RIPK3 (Casp8−/−Ripk3−/−

double knockout mice) (180, 272, 273, 283). Also in selected experimental models, genetic
or pharmacologic inhibition of caspase 8 promotes cell death by necroptosis (357). If we are
to prevent liver injury in man, a full understanding of these complex pathways is essential.

Given a major role for TNF-α signaling in liver pathology, a logical question is does TNF-α
cause necroptosis in hepatocytes. Unexpectedly, the answer may well be no. First,
necroptosis requires RIPK3, and RIPK3 is minimally expressed in hepatocytes (329).
Second, conditional deletion of caspase 8 in hepatocytes ameliorates TNF-α-mediated liver
injury when NF-κB signaling is impaired (226); if necroptosis was present, caspase 8
deletion would accentuate the injury. Finally, numerous studies have reported that in
experimental models of liver diseases and in humans with hepatitis C, pharmacologic
caspase inhibitors are salutary rather than toxic, which would be predicted if necroptosis was
occurring due to caspase 8 inhibition (21, 53, 159, 160, 230, 245, 265, 280, 383, 400). Thus,
there is no evidence that necroptosis occurs in the liver, unlike in the ileum, where
conditional caspase 8 deletion does cause ileitis (136).

RIPK1 can also be activated by processes independent of death receptors. For example,
degradation of cIAPs can promote formation of a RIPoptosome (29, 102, 343), a high
molecular weight complex containing RIPK1, FADD and caspase 8. This complex can
cause either caspase 8-dependent apoptosis or caspase 8-independent necroptosis. Formation
of this complex is inhibited by necrostatin, indicating the kinase activity of RIPK1 is
required for its assembly and for RIPoptosome-mediated cell death. Potentially, cIAP
depletion in hepatocytes by toxins or even signal transduction cascades (e.g., those initiated
by the death ligand TNF-like weak inducer of apoptosis or TWEAK) may lead to
RIPoptosome formation and cell death by this complex (166). The potential role of RIPK1
and the RIPoptosome in liver injury certainly merits further examination; and it is likely that
examples of RIPK1 mediated cell death will be identified in liver injury in the future.

Modes of cell death and liver tissue injury: Misperceptions and challenges
The ultimate goal of understanding mechanisms of cell death is to prevent tissue injury in
pathophysiologic processes. A common question is, therefore, which mode of cell death,
apoptosis, necrosis, or a mixed form of cell death, is occurring in a disease process.
However, this is often difficult, and the current methodology renders analysis regarding the
mode of cell death in pathophysiology challenging. Indeed, it is extremely difficult in vivo to
ascertain which mode of cell death is occurring for the reasons we will review in the
following paragraphs.

There are many misperceptions regarding apoptosis in liver tissue injury. In a physiologic
setting, apoptosis is defined by the formation of membrane-limited apoptotic bodies
occurring by a poorly understood process of cellular fragmentation. The apoptotic bodies
release “find me” signals which attract phagocytic cells; one notes already that the presence
of phagocytic cells, which are predominantly macrophages, is considered by many to be a
hallmark of inflammation. The mediators of the “find me” signals, termed the “scent of
death,” include ATP, UTP, adenosine, fractalkine, and lysophosphatidly choline (91, 121,
248, 258). The recruited phagocytic cells then engulf the apoptotic bodies resulting in a
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supposed “clean elimination” of the cellular debris (342); the engulfment of apoptotic cells
is termed efferocytosis (354). However, efferocytosis by Kupffer cells, the resident
macrophages in the liver, is not innocuous. Indeed, Kupffer cell efferocytosis can result in
their activation and elicit expression of death ligands, thereby further promoting liver injury
in a feed forward process (54). It has been argued that the role of caspases in apoptosis is to
“chew up” the cellular constituents into non inflammatory molecules (243). However,
quantitative profiling of caspase-cleaved substrates reveals different drug-induced and cell-
type patters in apoptosis (316). Hence, even caspase cleavage of substrates during apoptosis
is not a uniform process, and depends upon the stimulus and the cell type. In this regard, it
would appear that the biochemical processes occurring during liver cell apoptosis in many
distinct pathophysiologic conditions may differ, and certainly apoptosis cannot be
considered as a uniform process.

It is widely assumed that since apoptosis results in cell membrane-defined bodies, cytosolic
transaminases AST and ALT cannot be released into the serum by this mode of the cell
death. This is a misperception which is simply incorrect. Schulte-Hermann and colleagues
were the first to recognize the correlation between apoptosis and serum transaminase
elevation by demonstrating that 5 hours after a single intravenous injection of transforming
growth factor beta in the rat both hepatocyte apoptosis and increases in serum AST and ALT
occur (AST and ALT were approximately 300 U/L) (271). This observation is, however, not
unique to this ligand-mediated apoptosis, as hepatocyte-specific deletion of either one the
mitochondria-localized Bcl-2 antiapoptotic proteins, Bcl-XL or Mcl-1, results in elevated
serum AST and ALT values (336, 371). Cell death by the mere hepatocyte-specific deletion
of Bcl-XL or Mcl-1 occurs via apoptosis, as concomitant deletion of the proapoptotic Bak,
prevents hepatocyte apoptosis and the rise in serum ALT values (154). Also, exogenous
administration of Fas agonistic antibodies results in massive elevations of serum
transaminases which are prevented in Bcl-2 transgenic animals (210). Other cellular
constituents are also released into the serum during liver cell apoptosis. Hepatocyte
cytokeratin 18 is cleaved by caspase 3 to yield a neoepitope which is recognized by specific
antisera employed in ELISA assays (99). Circulating cytokerain 18 fragments have been
recognized in a wide variety of liver diseases, such as hepatitis C and nonalcoholic
steatohepatitis (99, 339). Thus, these data collectively demonstrate that serum transaminases
and other cellular constituents are elevated by induction of hepatocyte apoptosis. Perhaps the
release of microparticles, such as exosome-like structures, explains this phenomenon as
initially proposed by Schulte-Hermann in 1993.

The second misperception is that hepatocyte apoptosis is not proinflammatory in the liver.
Several studies have shown that either acute or chronic apoptosis is indeed associated with
inflammation. The best example of this is, again, the hepatocyte-specific deletion of Bcl-XL
or Mcl-1 in the mouse. As described above, these animals have ongoing hepatocyte
apoptosis. Interestingly, the livers of these animals develop chronic inflammation with
elevation of macrophage markers, such as MCP-1 and CD68 (154). The chronic
inflammation is also associated with fibrosis and hepatocarcinogenesis, recapitulating the
liver injury/inflammation/fibrosis/cancer sequence observed in human liver diseases (154).
Acute hepatocyte apoptosis is also associated with elevation of inflammatory markers. Fas
agonists induce hepatic chemokine expression and promote inflammation in the liver (92). It
should also be noted that in their review, Martin and colleagues recognize that death
receptor-mediated apoptosis challenges the model of apoptosis as a noninflammatory
condition (243). We note that death receptor mediated apoptosis has been implicated in
many liver diseases (396), and hence, may explain the link between apoptosis and
inflammation in the liver.
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If apoptotic bodies are not rapidly engulfed [defective efferocytosis (354)], their membranes
break down, resulting in secondary necrosis (319). Therefore, when hepatocytes apoptosis is
rapid and extensive, it is likely that not all the apoptotic bodies are engulfed by phagocytic
cells in a timely and efficient manner. In these situations, secondary necrosis would be
common. Unlike most other epithelia in which the apoptotic cells can be rapidly shed into a
lumen, hepatocytes have no lumen to be shed into, and hence, the liver may be uniquely
susceptible to secondary necrosis during apoptotic injury. Also the possibility that lipid
laden Kupffer cells, such as found in steatosis syndromes, may be defective in efferocytosis,
thereby aggravating liver injury, merits close examination (354). These and the above
concepts suggest that hepatocyte apoptosis can be a proinflammatory and profibrogenic
stimulus, leading to the release of cellular constituents into the serum and liver injury (55).

Necrosis clearly occurs in liver injury, but separating necrosis from apoptosis in vivo is
difficult. Moreover, when functional and morphologic endpoint analyses are used in vivo, it
is impossible to differentiate necrosis, necroptosis, and secondary necrosis. Real-time kinetic
analyses in isolated cells are needed to delineate the signaling phases of these phenomena
(204, 356). Indeed, in apoptotic signaling, key players have been identified by
complementary in vitro and in vivo experiments using chemical and genetic inhibitors. On
the other hand, there are no positive makers for necrosis, as there are for apoptosis (e.g.,
caspase activation), and the absence of recognized apoptotic markers often becomes the
feature by which necrosis is defined. In the absence of positive markers, loss-of-function
paradigms become important to establish the mode of cell death. Unfortunately, given the
plethora of cellular events culminating in necrosis, a single loss-of-function paradigm will
not be universal for all causes of necrosis. Although RIPK3 is essential for many forms of
necrosis, it does not seem to be expressed in liver, making loss of function paradigms
involving RIPK3 difficult in this organ (see Section “RIPK1-mediated cell death by necrosis
or necroptosis”). The MPT is a major cause of necrosis (290). MPT results in a collapse of
the mitochondrial membrane potential, failure of oxidative phosphorylation with loss of
cellular ATP, and generation of ROS by the mitochondria (290). The mitochondrial
membrane potential is, in part, dependent upon cyclophilin D. Genetic deletion of
cyclophilin D reveals a critical role for the mitochondrial membrane potential in necrosis,
but not apoptosis (15, 260). Mice genetically deficient in cyclophilin D are resistance to IRI
of the heart, and primary hepatocytes isolated from these animals are largely protected from
necrotic cell death by calcium overload and oxidative stress (15). Cyclophilin D deletion
would appear to be one approach to inhibit necrosis and determine the role of this mode of
cell death in liver tissue injury.

There are also other modes of cell death including autophagy, entosis, mitotic catastrophe,
netosis, parthanatos, and pyroptosis which can be defined biochemically and by specific
inhibitory interventions (109). Pyroptosis is an especially interesting form of cell death
mediated by caspase-1 (286). This form of cell death, which occurs in inflammatory
conditions associated with microbial infections, may also occur in liver disease, but yet has
to be examined carefully. The role of pyroptosis and other forms of cell death in liver injury
remains unexplored and merits examination. Thus, tissue injury in liver pathobiology
remains complex, likely invokes many forms of cell death, will usually be mixed with one
mode or another predominating, and will require loss-of-function paradigms to indicate a
specific process. Absence of proof is simply not proof of absence.

Unique Regulatory Platform and Pathways
Inflammasome

Inflammasomes are intracellular signaling platforms that activate caspase 1, which then
cleaves prointerleukin-1β into active IL-1β (122). IL-1β-dependent proinflammatory
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signaling is activated both in infection and in sterile inflammation. Inflammasome-
associated inflammation also promotes formation of ROS, which may induce tissue and
cellular injury. In certain microbial infections, caspase 1 within the macrophage can induce
pyroptosis (251). Like necrosis, this form of cell death also results in cell lysis eliciting
further inflammation. Also, the associated loss of macrophages further impairs tissue
clearance of apoptotic cells, increasing the occurrence of secondary necrosis. Whether this
form of cell death can also occur in the absence of microbial infections remains uncertain.
Inflammasomes are formed upon activation of an intracellular PRR; several have been
identified, of which NLRP3 is best characterized (Fig. 3). Other adaptor proteins recruited to
the platform include ASC (apoptosis-associated speck-like protein containing a CARD) and
pro-caspase 1. Active caspase 1 cleaves the inactive precursors of the proinflammatory
cytokines, pro-IL-1β and pro-IL-18, to their active forms, IL-1β and IL-18, respectively. The
NLRP3 inflammasome can be activated by diverse inflammatory stimuli, that vary in
structure and function, such as uric acid, ATP, HMGB-1, asbestos, silica, hyaluronan, and
even downstream of ER stress (249, 259). The active forms of IL-1β and IL-18 are secreted
and via their cell surface receptors on target cells activate many proinflammatory genes. Pro
IL-1β is not constitutively expressed by innate immune cells; hence before its secretion, it
must be induced transcriptionally, translated into the precursor protein, and then cleaved by
an active inflammasome. This induction of pro IL-1β is referred to as priming.
Inflammasome activation as part of the innate immune response to endogenous DAMPs or
perhaps gut-derived PAMPs is implicated in acute and chronic sterile inflammatory
disorders of the liver. Using mouse models that lack functional inflammasome components,
via either chemical or genetic inhibition, this signaling pathway has been implicated in
APAP-induced acute liver injury, IRI, alcoholic steatohepatitis, and NAFLD (67, 242, 355,
405).

In APAP-induced liver injury in mice, release of apoptotic DNA from damaged and dead
hepatocytes can activate TLR9-dependent transcription of pro-IL-1β. Indeed, mice lacking
caspase 1, ASC or Nalp3 are protected from liver injury and APAP-induced death (167). In
another study, it was demonstrated that the inflammasome and other inflammatory pathways
are activated early (1 h) after APAP injection in Kupffer cells. Liver perfusate from APAP-
injected mice further activated a macrophage cell line in culture, presumably due to DAMPs
released from dead hepatocytes (242). However, Williams et al. did not recapitulate some of
these findings as discussed above (379). In mouse and rat models of warm IRI
inflammasome activation occurs. Blocking IL-1 receptor or decreasing Nalp3 expression via
RNA interference protects from IRI (317, 405). Both TLR4 and TLR9 are activated in bone
marrow-derived cells by DAMPs, and in chimeric mice generated by bone marrow
transplantation, the absence of either TLR4 or TLR9 protected from liver injury (17, 349).
Serum IL-1 levels are elevated in patients with alcoholic hepatitis, in livers of alcohol-fed
mice and in ethanol-treated cultured hepatocytes (246, 353). Inflammasome activation has
also been studied in the context of metabolic syndrome and obesity-related disorders (23).
Palmitate, a potentially toxic free fatty acid, can activate the NLRP3 inflammasome, leading
to secretion of IL-1β (374). Mice lacking Nlrp3 are protected from obesity-induced fatty
liver (355). In another model of steatohepatitis using the methionine- and choline-deficient
diet, mice lacking caspase-1 have decreased liver inflammation and fibrosis (84). However,
the complexity of this field is underscored by this study that demonstrates an indirect
relationship between inflammasome components and fatty liver (149). In this study, mouse
lacking caspase 1 or ASC were more susceptible to liver injury and inflammation induced
by the methionine- and choline-deficient diet. This susceptibility could be transmitted to
cohoused wild-type mice. The authors demonstrate that changes in gut microbiota, and
microbiota-activated inflammatory signaling in the liver underlies this susceptibility. Thus,
emerging data implicate the inflamma-some in liver inflammation. Additional studies are
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needed to further define the individual contribution of DAMPs, PAMPs, and inflammasome
components to liver inflammation.

MicroRNA
While many apoptosis-related proteins are regulated by post-translational modifications,
several are also controlled at the level of protein expression. An emerging RNA-based layer
of regulation has been described whereby microRNAs repress the protein levels of genes
that contain partial and sometimes imperfect microRNA:mRNA complementarity.
MicroRNAs are processed first by endonucleolytic cleavage of the primary transcript by a
nuclear protein complex containing the RNase Drosha. The resulting partially processed
RNA, the pre-mir, is then cleaved a second time by the cytoplasmic RNase Dicer (215). The
microRNA genes are expressed in a tissue-specific manner, and a classic example of this
specificity is the observation that miR-122 is highly expressed in hepatocytes, but is largely
absent from other cell types within the liver or other organs (63). Hepatocytes express
miR-122 at such a high level that it is estimated to comprise a remarkable seventy two
percent of the total hepatocyte microRNAs (211).

A model for microRNA function is emerging whereby microRNAs help to fine-tune cellular
functions by altering the level of hundreds of target proteins rather than determining the
cellular phenotype per se(14, 311). Two recent investigations have utilized Cre-lox
technology to elucidate the contribution of microRNAs to liver homeostasis (143, 309).
Both groups employed mice with the Dicer1 gene flanked by lox sites crossed with mice
expressing Cre recombinase, either under control of the albumin promoter plus an alpha-
fetoprotein enhancer (AlfpCre), or under control of the albumin promoter alone (AlbCre).
As expected, hepatocyte microRNAs were decreased in Dicer1flox/flox;AlfpCre mice, as seen
by a nearly 50-fold decrease in hepatocyte miR-122 levels, while microRNAs derived from
supporting cells in the liver (e.g., granulocyte-derived miR-223) were unchanged (143).
Surprisingly, liver function was preserved; however, the livers of Dicer1flox/flox;AlfpCre
mice were not normal. The distinction here is that liver functions, namely, synthesis,
metabolism, and secretion were not disrupted, as defined by blood glucose, albumin,
bilirubin, and cholesterol levels measured in 3-month-old mice. As mentioned above, liver
function can be separated from liver injury. However, Dicer1flox/flox;AlfpCre mice displayed
evidence of liver injury, showing mildly altered hepatocyte appearance at 72 days of age,
and, significant portal inflammation by 101 days. Mice also had elevated serum
transaminases, with greater than 3.6-fold elevated ALT. Ductular proliferation and increased
apoptotic cells were apparent over time, both indicators of injury (143).

A separate line of mice were generated with tissue-specific genetic deletion of Dicer1 using
an albumin-driven Cre (Dicer1flox/flox;AlbCre), resulting in expression only in hepatocytes
beginning after birth (309). Livers from Dicer1flox/flox;AlbCre mice had elevated apoptosis
and proliferation. Because of the significant cell death in hepatocytes, and the rare
persistence of hepatocytes that had escaped Cre-mediated Dicer1 deletion, by 12 weeks of
age, the liver had been nearly completely repopulated by Dicer1-expressing cells, consistent
with other mouse models where significant hepatocyte cell death occurs (300). During re-
population, apoptosis was almost exclusive to the Dicer1-negative cells, suggesting that loss
of microRNAs promotes apoptotic signaling. Despite near-total replacement of the liver by
Dicer1-positive hepatocytes, by 6-12 months-of-age Dicer1flox/flox;AlbCre mice developed
hepatocellular carcinoma. Tumors exhibited low Dicer and decreased miR-122 expression,
indicating that Dicer1-deficient hepatocytes are the likely source of tumorigenesis. Tumor
cells exhibited activation of Akt, and a subset demonstrated elevated Mycn and Bcl2 mRNA
levels, consistent with apoptosis resistance in malignant cells (309).
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The role of miR-122 in the liver is broad, including regulation of cholesterol biogenesis
(203), proliferation (388), viral propagation (175), and apoptosis (228). miR-122 is encoded
by the hcr noncoding RNA transcript (63) and is expressed from chromosome 18 in human
hepatocytes. The mechanisms controlling microRNA stability and degradation, including
miR-122, are not fully understood. It is well known that messenger RNAs are stabilized by
the addition of a poly(A) tail, and recent evidence suggest monoadenylation of microRNAs
at the 3′ end may enhance stability. For example, miR-122 has been demonstrated to be
stabilized by monoadenylation of the 3′ end catalyzed by the noncanonical poly-A
polymerase Gld-2 (183). The stabilized miR-122 then can target cytoplasmic
polyadenylation element binding protein (CPEB), a protein that promotes poly(A) synthesis
by nucleating a polyadenylation complex. A decrease in CPEB results in decreased
polyadenylation of another transcript, p53 (Fig. 10). Thus regulated adenylation (mono- for
miR-122 and poly-for p53) alters senescence as follows: silencing of Gld-2 protein
decreased miR-122 levels due to lack of monoadenylation. Decreased miR-122 levels
released inhibition of CPEB, and CPEB reporter levels increased. Elevated CPEB then
cooperated to increase polyadenylation of p53 resulting in a stabilized mRNA, promoting
cellular senescence (49). This complicated but elegant pathway was delineated in human
skin fibroblasts, which express low levels of miR-122. It remains to be seen whether this
miR-122:CPEB:p53 regulatory circuit is functional in hepatocytes and if it influences p53-
dependent apoptosis in liver disease, but p53 mRNA levels were observed to be elevated in
livers of mice with Dicer deletion (143).

Because of the growing number studies that have demonstrated individual microRNA:target
interactions for proteins involved in apoptosis signaling pathways, we cannot hope to
present a complete catalog of these interactions. Instead, here we will highlight several
examples to illustrate the broader concept that microRNAs affect liver cell death, especially
as it relates to liver pathophysiology.

Among the microRNAs that were found to be repressed in a model of Myc-dependent
cancer were members of the miR-26, miR-29, and let-7 microRNA families (64), suggesting
these microRNAs may play a role in cancer initiation or progression. Mice with liver-
specific induction of Myc develop liver tumors that express decreased levels of miR-26a,
among other altered microRNAs. Similarly, human tumor samples were also found to have
decreased miR-26a levels. Once tumors had developed, mice treated with virally delivered
miR-26a had small or absent tumors compared to control (green fluorescent protein—GFP)
transduced mice, where 75% had near complete replacement of the liver by tumor. TUNEL
staining of liver tissue demonstrated increased tumor cell death in miR-26a treated mice
while adjacent nontumor liver did not have increased apoptosis, suggesting therapeutic
specificity (199). The mechanism by which miR-26a transduction induced tumor cell death
was not reported, though the authors did rule out c-Myc itself as a miR-26a target (199).

We and others demonstrated direct targeting of an anti-apoptotic protein, Mcl-1, by a
microRNA that is decreased in tumor cells, miR-29. The miR-29 family consists of 3
isoforms, miR-29a, 29b, and 29c, and miR-29 family member expression is decreased in
multiple cancer types (362), including hepatocellular carcinoma (387), and CCA (255).
Through direct binding to the Mcl-1 3′UTR [and in hepatocellular cancer (HCC) cells to the
Bcl-2 3′UTR as well], miR-29 acts to decrease protein levels of Mcl-1. In tumor cells that
lack robust miR-29 expression, Mcl-1 is released from repression and expressed at high
levels. However, replacing miR-29 by transfection resulted in decreased Mcl-1 protein, and
sensitized cells to apoptosis induced by TRAIL (255), serum deprivations plus hypoxia,
doxorubicin, curcumin, and etoposide (387). In addition, HCC cells transfected with
miR-29b were delayed in forming tumors and formed smaller tumors when implanted in a
xenograft model.
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Hepatitis B virus (HBV) infection is a major health threat, with an estimated 1 billion people
infected worldwide. Recently, the viral protein HBx was demonstrated to decrease cellular
let-7 levels, and HBx protein was inversely correlated to let-7 in human HCC samples. The
authors then demonstrated that let-7 targets signal transducer and activator of transcription 3
(STAT3) via direct action at the let-7 complementary site. As HBx repressed let-7, and let-7
repressed STAT3, high HBx protein levels result in decreased let-7 and increased STAT3.
The authors note that increased STAT3 supports proliferation of HBV-infected cells (369).
In addition, because of the prosurvival effects of IL-6 signaling, which acts in part through
STAT3, one could speculate the HBx-mediated let-7 repression may have a prosurvival
effect by promoting IL-6 signaling. Any such prosurvival effect, along with the
demonstrated increase in proliferation, would have to be weighed against the proapoptotic
effect of HBx protein.

MicroRNA dysregulation has recently been demonstrated in fatty liver disease, with altered
microRNA levels following free-fatty acid treatment and in human NASH liver samples.
Human liver samples from patients with metabolic syndrome were grouped into NASH or
controls (normal liver histology) and compared by hybridization array for microRNA levels
(71). Among the 46 microRNAs with either increased (n = 23) or decreased (n = 23)
expression in NASH livers, several microRNAs previously associated with apoptosis were
altered, including decreased miR-26b, miR-122, and miR-145, and increased miR-16,
miR-21, miR-24, miR-27b, and miR-34a levels. Diet-induced fatty liver disease in the rat
(variations on high fat and high fructose) was associated with alterations in 14 microRNAs,
including decreased miR-122, and miR-145 and increased miR-21. Depending on the diet
that rats were given, miR-24 was increased or decreased (7). A separate study in rats
compared 4-week and 12-week high-fat diet with normal chow, in which the short treatment
resulted in steatosis and the longer treatment resulted in steatosis with mild inflammation.
MicroRNAs altered between 4-week and 12-week treatment included, among other
alterations, decreased miR-145, and increased miR-21, miR-27b, and miR-34a (174). The
shared microRNAs may point to conserved alterations in microRNAs from fatty liver
disease. We have reported on the antiapoptotic effects of miR-296-5p in Huh-7 cells via
targeting the BH3-containing protein PUMA, and found that free-fatty acid treatment
decreased miR-296-5p expression, promoting increased PUMA protein and increased
lipoapoptosis. This microRNA was also decreased in livers from patients with NASH (60).
Whether miR-375 is involved in hepatic lipoapoptosis, similar to a role in endocrine
pancreatic lipoapoptosis (224), remains to be determined.

The role of microRNAs in liver fibrosis has received significant attention recently (173). In
particular, profiling of microRNAs that are changed during activation of HSCs revealed 12
microRNAs with increased expression and 9 with decreased expression. Because HSC
apoptosis hastens resolution of fibrosis, it may be unsurprising that among the micro RNAs
that are decreased, several regulate apoptosis, including miR-15b, miR-16, miR-375, and
miR-122 (137). Further investigation confirmed that the paired and related miR-15b and
miR-16 target Bcl-2 in HSCs and promote apoptosis (138). Multiple studies have implicated
miR-29 family members in liver fibrosis (18, 45, 142, 195, 208, 269, 292, 310, 404).
Importantly, induction of liver fibrosis by either carbon tetrachloride or bile duct ligation
caused a decrease in miR-29 family member expression and likely results from repression
by transforming growth factor-β, lipopolysaccharide, and NF-κB (292). An additional signal
that may contribute to reduced miR-29 expression is Hedgehog-dependent repression (256),
with relevance to fibrosis as Hedgehog is activated by bile-duct ligation induced injury
(276). Antifibrogenic effects of hepatocyte growth factor and estrogen may be, in part,
mediated by miR-29 induction (208, 404). The signaling for the miR-15 family and miR-29
family are summarized in Figure 11. In addition to HSC-derived miR-29, hepatocyte
miR-29 also contributes to fibrosis, as demonstrated in mice with tissue-specific deletion of
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mir-29b1∼29a via Cre recombinase driven by the albumin promoter (195). While miR-29
promotes apoptosis, which would be expected to decrease fibrosis by eliminating matrix
producing cells, the antifibrotic effects seem largely due to collagen and matrix
metalloproteinase targeting (292, 324).

MicroRNA regulation of cell death in the liver represents a new mechanism by which cells
can fine-tune expression of proteins that control cell death. By altering the balance of pro-
and antiapoptotic proteins, microRNAs contribute to liver cell death sensitivity, and thus
may serve as markers of injury (323, 348, 403), effectors of death pathways (227), and
therapeutic targets (105) in liver disease.

Apoptosis and Hepatobiliary Cancer
There is a great deal of confusion regarding the role of apoptosis in liver cell cancer.
Although evasion of apoptosis is a hallmark of cancer (140), this is only true of established
cancers. Indeed, inhibition of cell death is actually protective against cancer development in
the liver. The first example of this in a preclinical model was the prevention of HCC in an
animal model of HBV-mediated liver cancer using anti-FasL-directed therapy (261). Fausto
and co-workers also demonstrated that transgenic expression of Bcl-2 also prevented HCC
in a transforming growth factor-α-induced genetic mouse model of HCC (279). Along these
lines, genetic silencing of caspase 8 prevents hepatocellular cancer development in mice
with defective NF-κB signaling (226). In contrast, accentuation of hepatocyte apoptosis with
associated compensatory cellular proliferation and inflammation is actually carcinogenic in
the liver. For example, hepatocyte genetic deletion of the potent antiapoptotic Bcl-2 protein
Mcl-1 is associated with spontaneous hepatocyte apoptosis, cell turnover, inflammation, and
hepatocarcinogenesis (361). Deletion of the proapoptotic BH3-only protein PUMA also
protects against diethyl nitrosamine (DEN)-induced hepatocarcinogenesis (22, 283). Loss of
the death receptor Fas/CD95 also inhibits DEN-induced carcinogenesis in the mouse (68).
The tumorigenic activity of Fas/CD95 may be mediated by a pathway involving JNK and
Jun; however, its proapoptotic activity may also contribute to the development of HCC in
this model. Collectively, these data indicate apoptosis with associated compensatory cellular
proliferation is carcinogenic in the liver and, conversely, inhibition of apoptosis should
protect against the development of liver cell cancer (Fig. 12). These data also help reconcile
the conflicting data that molecules identified as prooncogenic mediators in established HCC
appear to function as tumor suppressors when genetically deleted from normal hepatocytes
(101); deletion of many of these molecules deprives the hepatocyte of potent survival
factors, thereby, enabling liver damage which promotes liver cancer.

In contrast to the above comments regarding carcinogenesis, evasion of apoptosis is a
hallmark of established HCC and CCA. Indeed, the antiapoptotic Bcl-2 proteins Bcl-xL and
Mcl-1 are overexpressed in HCC likely due to copy number amplification (27, 318, 334,
335). Whether an inverse relationship exists between expression of these two antiapoptotic
proteins, as has been described in other cancers, remains to be determined, but is likely, and
suggests that either Bcl-xL or Mcl-1 may be responsible for inhibiting apoptosis in this
malignancy (372). In contrast, CCA appears to have predominant overexpression of Mcl-1
as a mechanism responsible for its resistance to apoptosis (194). Strategies to circumvent the
function and/or expression of these antiapoptotic proteins may be therapeutic in HCC. For
example, sorafenib, a tyrosine kinase inhibitor, results in down-regulation of Mcl-1, and
navitoclax (ABT-737), a BH3-mimetic, antagonizes Bcl-xL(365, 398); the combination of
these two drugs has been shown to be highly therapeutic in vitro for HCC (157). Thus, an
understanding of the molecular basis for apoptosis resistance may well translate into
therapeutic strategies for the treatment of HCC.
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Therapeutic Targets
Therapy for liver diseases is best directed at the inciting mechanism such as the virus in
hepatitis B or C related liver disease, or iron or copper removal in genetic hemochromatosis
or Wilson's disease, respectively. However, in a large number of liver diseases, the inciting
or dominant pathogenic factor remains unclear (e.g., nonalcoholic fatty liver disease, PSC,
PBC, etc). In this regard, safe, easy to administer, hepatoprotective compounds would be of
clinical value. As liver cell apoptosis is a feature of virtually all liver diseases, an anticell
death therapy would be one such strategy to ameliorate human liver diseases. By preventing
cell death, liver fibrosis, and its sequelae of cirrhosis and portal hypertension should also be
reduced. We have previously highlighted the potential role of caspase, cathepsin B, and JNK
inhibitors in liver injury and, therefore, we will not reiterate those concepts here, as little
progress has been made with these agents (239). Instead, we will focus on other approaches
based on the pathophysiologic concepts described above. In particular, we will suggest key
targets which have not yet been exploited. We again note that inhibiting apoptosis and cell
turnover in the liver should actually be protective against the development of liver cancer
(see above).

cFLIPL is a pivotal molecule in regulating death receptor-mediated cell death. Indeed,
cFLIPL blocks apoptosis, necroptosis and cell death by the RIPoptosome (102, 272, 343).
Strategies to increase cFLIPL expression should therefore be quite salutary in human liver
diseases. Given interest in accentuating apoptosis in human cancers, most investigators have
focused on cellular elimination of cFLIPL as an approach to enhance proapoptotic strategies
in cancer therapy. Moreover, increases in T-cell cFLIPL expression blocks Fas-mediated cell
death, which may perturb T-cell homeostasis and function (201, 402). The augmented
expression of cFLIPL would optimally be hepatocyte specific; potential therapeutic
strategies to accomplish this goal could include use of miRNA antagonists, and modulation
of signal transduction pathways to increase cFLIPL transcription or inhibit its degradation.

Mcl-1 also appears to be a key antiapoptotic protein in the liver, and its overexpression has
been shown to attenuate cholestatic liver injury (179). Conversely, conditional hepatocyte
deletion of Mcl-1 in hepatocytes results in spontaneous hepatocyte apoptosis and liver injury
(156, 361, 375). Mcl-1 is a protein highly regulated in cells given its short half-life and high
protein turnover, affording multiple avenues to augments its cellular protein levels (116).
Increasing Mcl-1 levels could be accomplished by enhancing its transcription, increasing its
translation by antagonizing miR-29b, preventing its ubiquitination by E3 ligases, blocking
its deubiquitination, or inhibiting its protein degradation by the proteasome (116). Such
strategies would optimally also need to be hepatocyte specific. Although Mcl-1 blocks the
intrinsic or mitochondrial pathway of cell death, given the cross-talk between the extrinsic
and intrinsic pathways of cell death in hepatocytes, Mcl-1 should block cell death by either
pathway.

Conclusion
Here we have strived to present the role of cell death in liver disease, and propose that while
apoptosis may not be the root cause of liver diseases, preventing liver cell death would
mitigate the pathology and improve health in the majority of disease states. Decreased
hepatocyte cell death would mitigate the need for continued regeneration. While the liver is
quite famous for its regenerative capacity, in the healthy state very little hepatocyte cell
division is seen. The chronic death and replacement of hepatocytes contributes to the
proliferative and inflammatory environment in the cirrhotic liver, ultimately resulting in
malignancy in some. In acute liver disease, the link between liver injury and loss of liver
synthetic, metabolic, and secretory function becomes more pronounced. Here again,
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prevention of hepatocyte cell death would decrease disease severity, allowing for
regeneration and restoration of liver function and mass without the need for transplantation.
Be it due ethanol, BAs, or xenobiotics, cell death plays a role in their effects. Inflammatory
states of the liver have a particularly insidious ability to be self-reinforcing, where
inflammation induces cell death, resulting in activation of Kupffer cell-derived cytokines
that further amplify the inflammation. As the liver is the first line of defense for
detoxification, plays a role in innate immunity, and features prominently in hemostasis and
normoglycemia, preventing damage to the various cell types of the liver is an important goal
to maintain health not only of the liver, but of its owner.
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Figure 1.
Bile acid (BA)-induced apoptotic and prosurvival signaling. Internalized toxic (more
hydrophobic) bile acids, such as glycine-conjugated form of chenodeoxycholic acid
(GCDC), trigger death-receptor-mediated apoptosis. BA stimulate microtubule-dependent
trafficking of Fas from the Golgi compartment to the plasma membrane, increasing Fas
density on the cell surface and promoting spontaneous Fas oligomerization independent of
FasL. This results in activation of caspase 8, which, in turn, cleaves Bid, whose truncated
form translocates to mitochondria and cooperates with Bax to induce mitochondrial outer
membrane permeabilization (MOMP). Following MOMP, several apoptogenic factors, such
as cytochrome c, apoptosis-inducing factor and second mitochondrial activator of caspases,
are released into the cytosol, which ultimately promote the activation of effector caspases-3,
6, and 7, and cell death. Moreover, BA activate c-jun N-terminal kinase, resulting in
activation of the transcription factor Sp1 (specificity protein 1), which, in turn, upregulates
death receptor 5 sensitizing the hepatocytes also to TRAIL-induced apoptosis. Nontoxic BA,
such as tauro-conjugate of chenodeoxycholic acid and ursodeoxycholic acid, can also trigger
plasma membrane trafficking and activation of Fas. However, the simultaneous activation of
cytoprotective pathways which prevent activation of key players such as caspase 8, Bid, or
Bax, blocks the apoptotic cascade and inhibits cell death.
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Figure 2.
Apoptosis-inflammation-fibrosis in the liver. This cartoon depicts the circular relationship
between apoptosis, inflammation, and fibrosis in the liver. Hepatocyte apoptosis is the
central event in the model shown. In the setting of an apoptotic stimulus, for example, toxic
bile salts or palmitic acid, a vulnerable hepatocyte undergoes cell death. Apoptotic bodies
are formed. These can be engulfed both by hepatic macrophages, also known as Kupffer
cells and hepatic stellate cells (54, 57). Macrophages, upon activation, in turn release death
ligands, such as Fas ligand and TRAIL, both of which can induce hepatocyte apoptosis.
Inflammatory cytokines such as TNF-α, IL-1β, and IL-6 are also released by activated
macrophages (54). These result in liver inflammation and injury. Engulfment of apoptotic
bodies in a permissive milieu (inflamed liver with increased fibrogenic signals, such as
Transforming growth factor (TGF)-β) results in activation of hepatic stellate cells to
myofibroblasts (57). These cells remodel the extracellular matrix resulting in fibrosis and
cirrhosis.
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Figure 3.
Sterile inflammation in liver diseases. A model is presented for sterile inflammation in liver
diseases. Palmitic acid, a toxic free fatty acid, which can activate the NLRP3 inflammasome
and high mobility group box 1 (HMGB-1), a nuclear protein released from dead cells, are
shown as activating damage associated molecular patterns (DAMPs). Activation of cel
surface toll like receptors (TLRs)-1, 2, 4, 6, 5, or endosomal TLRs (7, 9) leads to
recruitment of adaptor proteins, activation of kinase cascades that result in activation of
nuclear factor κ B, c-jun N-terminal kinase, and interferon (IFN) regulatory factors. These
result in transcriptional activation of several proinflammatory mediators including
interleukin (IL)-6, TNF-α and Type IFNs. The inflammasome can also be activated by many
endogenous DAMPs. The mechanism for this activation is not fully elucidated. Shown here
is the NLRP3 (nucleotide oligomerization domain [NOD]-like receptor, pyrin domain
containing 3) inflammasome. The NLRP3 gene product is the intracellular protein, Nalp3
(NACHT, LRR, and pyrin domain-containing 3). Nalp3, upon activation, recruits ASC
(apoptosis-associated speck-like protein containing a CARD, also known as PYCARD), and
procaspase-1, leading to the activation of caspase-1. Caspase-1 cleaves and activates the
precursor forms on IL-1 β and L-18; both are subsequently secreted, and activate their
receptors on target cells, resulting in the activation of proinflammatory pathways.
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Figure 4.
The death receptors and the extrinsic pathway of apoptosis. Binding of a death ligand to its
cognate receptor results in the recruitment of adaptor proteins, such as Fas-associated
protein with death domain and Tumor necrosis factor receptor 1-associated death domain
protein (TRADD), and procaspases 8 and/or 10, to form a multiprotein receptor complex
named death inducing signaling complex (DISC). This complex provides a platform for
caspase 8 and 10 to undergo autoactivation. In type I cells, active caspase 8/10 directly
activate caspase 3, an effector caspase, whereas in type II cells, caspase 8 (and, perhaps,
caspase 10) cleaves the BH3-only protein Bid to generate truncated Bid (tBid). tBid, in turn,
cooperates with Bax or Bak to induce mitochondrial outer membrane permeabilization and
to initiate the mitochondrial pathway of apoptosis (see Figure 5 for details).
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Figure 5.
The intrinsic pathway of apoptosis. Various stimuli, including UV and gamma-irradiation,
endoplasmic reticulum (ER) stress, growth factor deprivation, and oxidative stress trigger
the intrinsic pathway of apoptosis. This pathway requires the oligomerization of the
proapoptotic members of the Bcl-2 family of protein Bax and/or Bak on the outer
mitochondrial membrane, resulting in mitochondrial outer membrane permeabilization
(MOMP) and release of apoptogenic factors. The oligomerization of Bax and Bak can be
directly stimulated by the BH3-only proteins Bid, Bim, or PUMA (activators). Bax and Bak,
as well as Bid, Bim and PUMA, are bound to and inhibited by the prosurvival Bcl-2
proteins, Bcl-2, Bcl-xL, and Mcl-1. The prosurvival function of these proteins can be
repressed by the BH3-only proteins Bad, Bik, Hrk, Bmf, and NOXA (sensitizers), which
displace Bid, Bim, and PUMA by binding to the prosurvival proteins. Release of Bid, Bim,
and PUMA then allows activation of Bax and/or Bak. MOMP can also be achieved by the
so-called mitochondrial permeability transition (MPT) initiated at the inner mitochondrial
membrane through the opening of a multiprotein complex known as permeability transition
pore (PTP). Several apoptogenic factors, including cytochrome c and SMAC/DIABLO, are
released from the mitochondrial intermembrane space into the cytosol as a consequence of
MOMP. Cytochrome c binds to the adaptor Apaf-1, and recruits procaspase-9 in a complex
named apoptosome, which promotes the activation of caspase-9. Caspase-9, in turn,
activates the effector caspases (caspase-3, 6, and 7). SMAC/DIABLO contributes to caspase
activation by binding and inactivating the endogenous inhibitor of caspases X-chromosome
linked inhibitor of apoptosis protein.
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Figure 6.
The lysosomal pathway of apoptosis. In some cells, including hepatocytes and
cholangiocytes, the binding of a death ligand to its cognate receptor results in early
lysosomal membrane permeabilization associated with release of lysosomal enzymes into
the cytosol. These lysosomal enzymes, and in particular the highly abundant lysosomal
cathepsins, then trigger mitochondrial outer membrane permeabilization and mitochondrial
dysfunction likely by cleaving and/or activating members of the Bcl-2 family. This apoptotic
cascade as been referred to as the lysosomal pathway.
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Figure 7.
Model of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced
lysosomal membrane permeabilization mediated by members of the Bcl-2 family of
proteins. Binding of TRAIL to death receptor 5 results in c-jun N-terminal kinase-mediated
phosphorylation of Bim and its release from the cytoskeleton. At the same time,
phosphofurin acidic cluster sorting protein-2 (PACS-2) associates with the internalized
receptor complex in the endosomal/lysosomal compartment and then binds the cytosolic
Bim, promoting Bax association to the Bim:PACS-2 complex and subsequent Bax
activation. This complex has been named the PIXosome (PACS-2:BIM:BAX). After
translocating to the lysosomes, Bax inserts into the membrane, homo-oligomerizes and
induces lysosomal membrane permeabilization. Cathepsins are released into the cytosol
where they contribute to cell death.
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Figure 8.
Endoplasmic reticulum (ER) stress and apoptosis. ER stress activates, in parallel, three
distinct ER-to-nucleus signaling pathways that are aimed at attenuating ER stress via
activation of unfolded protein response (UPR) target genes with restoration of ER
homeostasis. However, ER stress of increasing duration and intensity results in failure of
restoration of homeostasis and apoptosis. The three canonical UPR mediators are ER
transmembrane proteins; they are inositol-requiring protein 1α (IRE1α), activating
transcription factor (ATF) 6α, and protein kinase RNA-like ER kinase (PERK). Active
PERK phosphorylates eukaryotic translation initiation factor 2α (eIF2α) leading to an
attenuation of translation. This reduces the load of nascent proteins entering the ER.
Selective translation of activating ATF4 also occurs. ATF4 promotes adaptation, but also
transcriptionally activates C/EBP homologous protein (CHOP). CHOP promotes ER stress-
induced apoptosis via several pathways, including increasing the proapoptotic proteins Bim
and death receptor 5 (DR5) and decreasing the antiapoptotic protein Bcl-2. IRE1α splices X
box-binding protein 1 (XBP-1) mRNA to generate a transcription factor which leads to ER
adaptation by activating a large number of UPR genes. The stress kinase, c-jun N-terminal
kinase (JNK) is activated by IRE1α via the adaptor protein TNF receptor-associated factor 2
(TRAF2). Activating transcription factor 6α (ATF6α) is proteolytically cleaved in the Golgi
to generate a transcription factor which also drives expression of UPR target genes. Failure
of restoration of ER homeostasis due to increasing intensity and duration of ER stress results
in apoptosis. Some of the recognized mediators of ER stress-induced apoptosis are the
transcription factor CHOP which can repress Bcl-2 expression, and increase expression of
the proapoptotic proteins Bim and DR5. ER stress-induced apoptosis can also me mediated
by ER calcium release, which can be regulated by Bax, Bak, and Bcl-2. The stress kinase
JNK can also activate the intrinsic apoptosis machinery.
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Figure 9.
TNF-α triggers both apoptotic and necrotic pathways. In conditions where activation of the
transcription factor NF-κB is impaired, binding of TNF-α to TNF-R1 results in activation of
caspase 8, which triggers an apoptotic signaling cascade mediated by the BH3-only proteins
Bid and Bim. Active caspase 8 also cleaves and inactivates the kinase RIP-1. When caspase
8 is inhibited and RIP-1 is not ubiquitinated, TNF-α stimulation induces RIP-1 association
with RIP-3, promoting RIP-3 phosphorylation and activation. RIP-3, in turn, phosphorylates
and activates the mitochondrial phosphatase phosphoglycerate mutase 5 (PGAM5), which
promotes mitochondrial permeability transition and necroptosis. Necrostatin, a
pharmacologic RIP-1 inhibitor, effectively prevents activation of the necroptotic signaling
cascade.
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Figure 10.
Stabilization of microRNAs, like mRNAs, by adenylation. It is well known that mRNAs are
stabilized by polyadenylation, a posttranscriptional modification that is dependent on
multiple protein factors. For p53, cytoplasmic polyadenylation element binding protein
(CPEB) is necessary for polyadenylation. Similarly, microRNAs can be stabilized by
modification at the 3′ terminus by monoadenylation; shown is the Gld-2-dependent
adenylation of miR-122. Gld-2 mediated miR-122 stabilization results in increased
miR-122, decreased CPEB, and less stabilization of p53. Conversely, decreased Gld-2 (or
decreased miR-122) results in increased CPEB protein levels and activity, thus increasing
p53 mRNA stability and promoting senescence.
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Figure 11.
Repression of microRNAs influences survival and function of liver cells, especially hepatic
stellate cells. Among microRNAs altered in HSC activation or liver fibrogenesis are
members of the miR-15 family and the miR-29 family. Upper: the miR-15 family contains
three microRNAs which have identical seed sequences and scattered base differences in the
3′ end of the microRNA (indicated by colored blocks on the diagram). These microRNAs
are decreased in culture-activated stellate cells, which permits derepression of Bcl-2,
promoting cell survival. Lower: the miR-29 family also contains three family members with
seed identity and a few base differences in the 3′end. Several studies have demonstrated
molecular signals that either inhibit [Hedgehog, transforming growth factor (TGF)-β,
nuclear factor kappa B (NF-κB), and lipopolysaccharide (LPS)] or activate [hepatocyte
growth factor (HGF) and estrogen] miR-29 expression. Decreased miR-29 allows excess
collagen expression, promoting fibrosis, and excess Mcl-1, promoting cell survival.
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Figure 12.
Model of liver disease progression. In pathologic conditions, persistent hepatocyte apoptosis
promotes chronic liver inflammation and associated compensatory cellular proliferation,
increasing the risk of carcinogenesis in the liver. Inhibition of apoptosis in these conditions
should protect against the development of liver cancer.
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