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Abstract Apoptosis is the predominant mechanism of

liver cell death in autoimmune hepatitis, and interventions

that can modulate this activity are emerging. The aim of

this review was to describe the apoptotic mechanisms,

possible aberrations, and opportunities for intervention in

autoimmune hepatitis. Studies cited in PubMed from 1972

to 2014 for autoimmune hepatitis, apoptosis in liver dis-

ease, apoptosis mechanisms, and apoptosis treatment were

examined. Apoptosis is overactive in autoimmune hepati-

tis, and the principal pathway of cell death is receptor

mediated. Surface death receptors are activated by extrinsic

factors including liver-infiltrating cytotoxic T cells and the

cytokine milieu. The executioner caspases 3 and 7 cleave

nuclear deoxyribonucleic acid, and the release of apoptotic

bodies can stimulate inflammatory, immune, and fibrotic

responses. Changes in mitochondrial membrane perme-

ability can be initiated by caspase 8, and an intrinsic

pathway of apoptosis can complement the extrinsic path-

way. Defects in the apoptosis of activated effector cells can

prolong their survival and sustain the immune response.

Caspase inhibitors have been used in diverse experimental

and human diseases to retard apoptosis. Oligonucleotides

that inhibit the signaling of toll-like receptors can limit the

presentation of auto-antigens, and inhibitors of apoptosis

that extend the survival of effector cells can be blocked by

antisense oligonucleotides. Mechanisms that enhance the

clearance of apoptotic bodies and affect key signaling

pathways are also feasible. Interventions that influence the

survival of liver and effector cells by altering their apop-

tosis are candidates for study in autoimmune hepatitis.
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Autoimmune hepatitis is a chronic inflammation of the

liver that is characterized by autoantibodies, hypergam-

maglobulinemia, and histological findings of interface

hepatitis and portal lymphocytic infiltration, commonly in

association with plasma cells [1]. Apoptosis is the pre-

dominant pathway of liver cell death in areas of interface

hepatitis [2], and it may occur in conjunction with features

of necrosis as a manifestation of immune intolerance to

self-antigens [3–5]. Chromatin condensation, membrane

blebs, cell shrinkage, and cellular fragmentation into ves-

icles (apoptotic bodies) are the morphological manifesta-

tions of apoptosis [4, 6], and apoptotic hepatocytes are

recognized as condensed acidophilic cells (previously

called, ‘‘Councilman bodies’’) by light microscopy [6–8].

The reasons for a persistent immune response in auto-

immune hepatitis are unclear, but they may relate in part to

the generation of neo-antigens during tissue injury [9–13]

and failure to eliminate dying hepatocytes or activated

effector cells from the microenvironment [14–17]. Accel-

erated apoptosis may account for the severity of liver injury

[4, 18, 19]; the products of liver cell death (apoptotic

bodies) may promote the immune response and stimulate

hepatic fibrosis [10, 20, 21]; defective apoptosis may per-

petuate liver-infiltrating effector cells [22]. Dysregulation

of the apoptotic pathways may be a critical factor in the

occurrence and severity of autoimmune hepatitis [23, 24],

and aberrant signals within these pathways are feasible

therapeutic targets [25–27].
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Apoptosis or programmed cell death is a highly regu-

lated normal physiological mechanism by which damaged

cells are eliminated without generating inflammatory

activity [4, 19, 24–29]. The process is a genetically con-

trolled method of counterbalancing normal mitotic activity

and stabilizing tissue mass. It is also a mechanism of

restoring immune homeostasis by limiting the survival of

activated effector cells [30]. Diseases, such as cancer, have

been associated with an inhibition of apoptosis and

increased cell survival, whereas diseases, such as acute

severe (fulminant) hepatitis and neurodegenerative dis-

eases, have been associated with overactive apoptosis and

increased cell death and tissue loss [4, 19, 26]. The nature

of the cell populations undergoing apoptosis is critical in

understanding the net effect of programmed cell death on

the clinical phenotype of complex immune-mediated dis-

eases, such as autoimmune hepatitis. Overactive apoptosis

of hepatocytes may influence the severity of the histolog-

ical manifestations and the vigor of the immune response,

whereas underactive apoptosis of liver-infiltrating effector

cells may perpetuate the disease.

The key disturbances in the apoptotic pathways in

autoimmune hepatitis have not been fully defined, but the

interaction of cell surface receptors with ligands that

directly induce cell death (extrinsic pathway) is probably

the predominant mechanism [23, 24]. Mitochondrial

dysfunction secondary to oxidative stress (intrinsic path-

way) or a combination of both the intrinsic and extrinsic

pathways in an amplification loop may also be involved

[24]. In this review, the mechanisms of apoptosis are

described, the key molecular components of the apoptotic

pathways are identified, the aberrations that may promote

and perpetuate autoimmune liver disease are examined,

and opportunities for therapeutic intervention are

considered.

Methods

The English abstracts cited in PubMed from 1972 to 2014

for autoimmune hepatitis, apoptosis in liver disease,

apoptosis mechanisms, and apoptosis treatment were

reviewed. Abstracts judged pertinent to the review were

identified; key aspects were noted; full-length articles were

selected from the abstracts judged germane to the review.

A secondary bibliography was developed from the refer-

ences cited in the selected full-length articles and addi-

tional PubMed searches were performed to expand the

concepts developed in these articles. Secondary PubMed

searches focused mainly on individual apoptotic mecha-

nisms, pertinent molecular interactions, signaling path-

ways, and the role of apoptotic bodies in liver disease. The

discovery process involving abstract review and the

acquisition of full-length articles was repeated, and a ter-

tiary bibliography was developed after reviewing these

selected articles. The tertiary references were then expan-

ded by additional PubMed searches. The number of

abstracts cited by PubMed and reviewed for pertinence to

this topic during the primary, secondary, and tertiary

searches exceeded 3,000. Those judged most pertinent to

the topic exceeded 300, and the number of full-length

articles reviewed exceeded 60.

Mechanisms of Apoptosis

Apoptosis can occur because of mitochondrial dysfunction

or the activation of death receptors on the cell surface [24,

27]. The mitochondrial or intrinsic pathway of apoptosis is

initiated by mitochondrial damage and the subsequent

release of cytochrome c [31] (Fig. 1). Changes in the

permeability of the mitochondrial outer membrane (MOM)

occur mainly as a result of oxidative stress [24, 32], and

these membrane changes are influenced by the B cell

lymphoma 2 (Bcl-2) family of proteins [27, 33]. Pro-

apoptotic members of the Bcl-2 family (Bax and Bak)

undergo conformational changes when stimulated by cel-

lular distress signals, destabilize the lipid bilayer of the

MOM, create membrane pores or channels, and facilitate

entry of cytochrome c into the cytoplasm [27, 31, 34].

Anti-apoptotic members of the Bcl-2 family [Bcl-2, Bcl-

XL, and myeloid cell leukemia sequence-1 (MCL-1)] can

counteract the permeabilization of the MOM, and they

prevent the efflux of cytochrome c [27, 34, 35]. If the pro-

apoptotic effects of Bax and Bak outweigh the anti-apop-

totic effects of Bcl-2, Bcl-XL, and MCL-1, the released

cytochrome c can form a macromolecular complex (ap-

optosome) in the cytoplasm [27]. This complex can in turn

convert procaspase 9 to caspase 9 and initiate the death

sequence [27, 36, 37]. Caspases 3 and 7 are activated by

caspase 9, and these ‘‘executioner’’ caspases then cleave

chromosomal deoxyribonucleic acid (DNA) and induce

apoptosis [27, 37].

The death receptor or extrinsic pathway of apoptosis is

activated by death receptors that have intracellular death

domains (DD) [27, 38]. Fas, tumor necrosis factor receptor-

1 (TNF-R1), TNF-related apoptosis-inducing ligand

receptor-1 (TRAIL-R1), and receptor-2 (TRAIL-R2) are

death receptors that activate the extrinsic apoptotic path-

way, and they each have ligands that can activate the

pathway [38, 39]. The Fas death receptor (CD95/APO-1) is

mediated by the Fas ligand (FasL/CD95L) [24, 40–42]

(Fig. 1). The ligation of Fas (CD95/APO-1) with Fas

ligand (FasL/CD95L) triggers interaction with the death

domain of adaptor proteins within the cytoplasm such as

the Fas-associated death domain (FADD) [27, 38, 43].
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A death-inducing signal complex (DISC) is formed within

the target cell, and the DISC facilitates the activation of

caspases 8 and 10 [44]. Caspase 8 can directly activate

caspases 3 and 7 [27, 44, 45], and cell death occurs as the

activated caspases cleave cell proteins (Fig. 1). Caspase 8

can also activate Bid, another pro-apoptotic member of the

Bcl-2 family [33–35], and truncated Bid can translocate to

the MOM, activate Bax and Bak, increase permeability of

the MOM, facilitate the release of cytochrome c into the

cytoplasm, and activate the intrinsic pathway of apoptosis

to complement the extrinsic pathway [27, 33–35, 44, 46].

In this fashion, both the intrinsic and extrinsic pathways

can be involved in the apoptotic process [38]. Other

members of the subfamily of pro-apoptotic proteins char-

acterized by Bid are Bim and Puma [35].

Caspase 10 has high sequence homology and genetic

linkage to caspase 8 [47]. Caspases 8 and 10 can share

functions, including cleavage of Bid and activation of

caspases 3 and 7, but their functions are not totally

redundant. Both caspases can function independently of

each other [48–50], and caspase 10 does not substitute for

caspase 8 in caspase 8-deficient cell lines [51].

Fig. 1 Intrinsic (mitochondrial) and extrinsic (receptor-mediated)

pathways of hepatocyte apoptosis. The stimulation of cell surface

death receptor Fas by the ligand, FasL, triggers the extrinsic apoptotic

pathway. The death domain of the stimulated death receptor interacts

with adaptor proteins, such as the Fas-associated death domain

(FADD), and a death-inducing signaling complex (DISC) is formed.

DISC activates caspases 8 and 10 and initiates a cascade that activates

the executioner caspases 3 and 7. The FLICE (FADD-like interleukin-

1b converting enzyme)-like inhibitory protein (FLIP) binds to

caspases 8 and 10, and it inhibits the formation of DISC. Caspases

3 and 7 enter the cell nucleus and cleave deoxyribonucleic acid

(DNA) resulting in cell death and fragmentation of the cell into

apoptotic bodies. The X-linked inhibitor of apoptosis protein (XIAP)

can bind to caspases 3 and 7 and prevent nuclear fragmentation. The

intrinsic pathway of apoptosis is activated by reactive oxygen species

(ROS) which stimulate the pro-apoptotic B cell lymphoma (Bcl)

proteins, Bak and Bax, to increase permeability of the outer

mitochondrial membrane and release cytochrome c into the cyto-

plasm. Membrane permeabilization is countered by Bcl-2. Apoptotic

protease activating factor-1 (APAF-1) can bind with cytochrome

c and deoxyadenosine triphosphate (dATP) to form an apoptosome

which in turn activates caspase 9. XIAP can bind to caspase 9 and

inhibit the subsequent activation sequence. The tumor up-regulated

CARD (caspase activation and recruitment domain)-containing

antagonist of caspase 9 (TUCAN) can bind to procaspase 9 and

inhibit its interaction with APAF-1. The intrinsic and extrinsic

pathways each activate the executioner caspases 3 and 7. Caspase 8

can stimulate both pathways by activating pro-apoptotic proteins with

homology to the Bcl family [Bid, Bim, and Puma (p53 up-regulated

modulator of apoptosis)]. Processing of the apoptotic bodies by

macrophages or lymphocytes determines the consequences of hepa-

tocyte death
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Furthermore, caspase 10 is more resistant to inhibitors than

caspase 8 [49], and each proteolytic enzyme has different

substrate specificities [48, 52, 53]. Caspase 10 has three

full-length isoforms and a truncated isoform, and these

isoforms may have varying levels of expression, degrada-

tion, and function, including pro-, anti-, or no apoptotic

activity in tumor cell lines [49]. The complexities in

expression and function of these ‘‘initiator caspases’’ con-

tribute to the diversity of their functions despite similarities

in structure and other actions.

The extrinsic pathway of apoptosis is also mediated by

the ligation of the cell surface receptor for tumor necrosis

factor-a (TNF-R1) with TNF-a and by the release of per-

forin and granzyme B from activated cytotoxic T cells [24].

The ligation of TNF-R1 on the surface of activated cyto-

toxic T cells with TNF-a in liver cells activates death

receptors on the hepatocytes and cleaves procaspase 8 into

its active form. Downstream caspases are activated, and

liver cell apoptosis occurs [24]. Activated cytotoxic T

lymphocytes release perforin, which allow channels to

form within the hepatocyte membrane, and granzyme B,

which enters the hepatocyte and cleaves proteins necessary

for cell survival [24].

Apoptosis is the likely initial response of hepatocytes

and biliary cells to injury [54, 55], and this response

through receptor-mediated and mitochondrial pathways can

release neo-antigens, activate liver-infiltrating cytotoxic

lymphocytes, promote cytokine and chemokine production,

attract inflammatory cells, activate hepatic stellate cells,

and increase hepatic fibrosis [54–57]. Tissue injury that

began by mechanisms that trigger apoptosis may be

extended by mechanisms that cause necrosis [58, 59]. Both

apoptosis and necrosis involve DNA fragmentation, and

the final consequence of liver injury may reflect apoptotic

and necrotic pathways which overlap or constitute a con-

tinuum of tissue damage [3, 4]. The coexistence of apop-

tosis and necrosis and the variable and uncertain

predominance of one process over the other in a particular

disease may limit the effectiveness of anti-apoptotic

interventions.

Regulators of Apoptosis

The occurrence and vigor of apoptosis are influenced in

apart by the avidity of the Fas receptor (CD95/APO-1) for

the FasL (CD95L), the generation of signals that indicate

cell distress, the balance between the pro- and anti-

apoptotic actions of the Bcl-2 proteins, the stability and

function of the apoptosome within the cytoplasm, and the

activation and inhibition of the caspases. Interactions

between these factors can shape the clinical phenotype of

the disease [27].

Fas and FasL

The apoptotic pathway dependent on the Fas/FasL inter-

action can be influenced by genetic polymorphisms,

interactions within the Bcl-2 family of proteins, levels of

soluble CD95 that compete for FasL (CD95L) or block the

membrane-bound receptor, and the cytokine milieu that

evolves during tissue damage [19, 60–62].

The human Fas gene is located on chromosome

10q24.1, and 20 polymorphisms have been described over

a span of 26 kilobases [63, 64] (Table 1). Four polymor-

phisms have been associated with the occurrence of auto-

immune hepatitis in Japan [63], and in white North

American and northern European patients with autoim-

mune hepatitis, a polymorphism involving the substitution

of adenosine for guanine at position -670 (tumor necrosis

factor receptor superfamily-6; TNFRSF6) has been asso-

ciated with an increased frequency of cirrhosis at presen-

tation [65]. The basis for the relationship between a single

Fas gene polymorphism and progression to cirrhosis is

unclear, but the association suggests that a genetic pre-

disposition which intensifies the apoptosis of hepatocytes

or delays the demise of activated effector cells may influ-

ence the severity and outcome of autoimmune hepatitis in

an individual- or ethnic-specific fashion [65].

CD95 and apoptosis antigen-1 (APO-1) are alternative

designations for the Fas receptor, and activated CD4? and

CD8? lymphocytes expressing CD95 are increased in the

peripheral blood of patients with autoimmune hepatitis and

patients with chronic hepatitis C and autoimmune features

[22] (Table 1). The increased population of effector cells

bearing the death receptor, CD95/APO-1, has been asso-

ciated with a failure of these cells to down-regulate the

expression of the anti-apoptotic protein, Bcl-2 [22]. This

functional failure may in turn increase the expression of

Bcl-2, reciprocally inhibit the apoptosis of activated lym-

phocytes, and increase the number and persistence of these

effector cells within the liver [22, 66]. This hypothesis

presumes that the Fas/FasL interaction is intact and that the

effect of the ligation on apoptosis is blunted by Bcl-2.

Apoptosis may also be modulated by the endogenous

production of soluble CD95/APO-1 [60, 61, 67] (Table 1).

Transcripts of the messenger ribonucleic acid (mRNA) of

the Fas gene may lack a transmembrane domain due to the

normal genetic mechanism of alternative splicing [61].

During this process, the Fas gene joins splice sites in var-

ious combinations and produces isoforms of the Fas

receptor that are not membrane bound [61, 68]. The

resultant soluble isoforms of CD95 can interfere with the

ligation of membrane-bound Fas receptor with FasL and

inhibit the apoptosis of activated effector cells [60, 61].

Increased levels of soluble CD95 have been described in

diverse autoimmune diseases [69–71] and malignancies
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[72–74], suggesting that soluble CD95 may have clinical

relevance by hampering the programmed cell death of

critical cell populations. In immune-mediated diseases, the

production of soluble CD95 may be a protective response

triggered by cell injury and the accelerated transcription of

Fas mRNA [69].

Distress Signals

Signals of cell distress that are not disease specific may

also trigger apoptosis, and different gene products, such as

p53, can modulate the process [19, 75, 76]. The soluble

forms of the major histocompatibility complex (MHC)

class I-related chains A and B (MIC A and MIC B) are

membrane glycoproteins that are induced by cell stress

[55]. These glycoproteins are cellular distress signals that

can activate cytotoxic natural killer (NK) cells, natural

killer T (NKT) cells, and cytotoxic CD8? lymphocytes by

ligating with their C2D natural killer group 2 member D

(NKG2D) receptors. The NKG2D receptor is expressed

mainly on NK cells, and the ligation of this receptor with

the MIC A and MIC B ligands induces NK cell-mediated

cytolysis. NK cells induce cell death by pathways involv-

ing the release of granzyme and perforin and ligation with

membrane-bound death receptors [55, 77].

The serum levels of MIC A and MIC B are increased in

patients with diverse liver diseases, including non-alco-

holic fatty liver disease (NAFLD) [78], chronic liver dis-

ease (mainly, chronic hepatitis B and chronic hepatitis C)

[79], and hepatocellular carcinoma [79] (Table 1). The

serum levels of the MIC proteins have correlated with

hepatocyte apoptosis and hepatic fibrosis in NAFLD [78],

and these findings suggest that the NK cells can increase

the severity of liver injury by responding to the stress-

induced MIC A and MIC B ligands [55].

Neutralization of soluble MIC A and MIC B by mono-

clonal antibodies is a theoretical mechanism of attenuating

NK cell activity and reducing liver damage, but the path-

ways regulating NK cell function, the disease specificity of

the interaction, and the overall importance of this mecha-

nism in reducing liver injury are uncertain [55]. The serum

levels of MIC A and MIC B have been low or absent in

patients with autoimmune hepatitis, primary biliary cir-

rhosis (PBC), and primary sclerosing cholangitis [80], and

Table 1 Regulators of the apoptotic pathways

Regulators Features Effects

Fas (CD95/APO-1)

and FasL (CD95L)

Gene-regulated (20 polymorphisms) [63, 64]

TNFRSF6 in white North Americans [65]

Increased on effector cells in AIH [22]

Dysregulation of anti-apoptotic proteins [22]

TNFRSF6 associated with cirrhosis [65]

Failure to down-regulate Bcl-2 [22]

Protracted immune cell survival [22, 66]

Soluble Fas (CD95) Soluble isoforms by alternative splicing [61]

Lack transmembrane domain [60, 61, 67]

Product of accelerated transcription [69, 71]

Interferes with Fas/FasL ligation [60, 61]

Inhibits effector cell apoptosis [60, 61]

Increased in autoimmunity [72]

TNF-a and TNF-R1 Activates extrinsic apoptotic path [4, 24] Promotes procaspase 8 cleavage [4, 24]

MIC A and MIC B Stress-induced membrane proteins [55]

Ligands for NKG2D receptors [55]

Activates NK cells, CD8? cells [55]

May increase disease severity [78]

Bcl-2 family Regulates intrinsic apoptotic path [33]

Affects permeability of MOM [33]

Enhances efflux of cytochrome c [33]

Bax and Bak are pro-apoptotic [35]

Bcl-2, Bcl-XL, MCL-1 are anti-apoptotic [35]

Modulates apoptotic pathways [27, 35]

Apoptosome Macromolecular cytoplasmic complex [27, 83]

Core component, APAF-1 [83, 85]

Binds cytochrome c and dATP [83, 85]

Activates intrinsic apoptotic path [27]

Activates procaspase-9 [27, 86]

Caspase activation Caspases 8, 9, 10 initiate apoptosis [27, 45]

Caspases 3, 6, 7 execute apoptosis [27, 45]

Regulated by IAPs (XIAP) [92, 93]

Cleaves chromosomal DNA [91]

Involved in both apoptotic paths [24]

Numbers in brackets are references

AIH autoimmune hepatitis, APAF-1 apoptotic protease activating factor-1, Bcl-2 B-cell lymphoma 2 protein family, dATP deoxyadenosine

triphosphate, DNA deoxyribonucleic acid, IAPs inhibitors of apoptosis proteins, MCL-1 myeloid cell leukemia sequence-1, MIC major histo-

compatibility complex class I-related chain, MOM mitochondrial outer membrane, NK natural killer, NKG2D C2D natural killer group 2 member

D, TNF-a tumor necrosis factor-alpha, TNF-R1 tumor necrosis factor receptor-1, TNFRSF6 tumor necrosis factor receptor superfamily-6

polymorphism, XIAP x-linked inhibitor of apoptosis protein
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the role of the NGK2D ligands in autoimmune liver disease

is speculative. Susceptibility to primary sclerosing cho-

langitis has been associated with the MICA *008 allele

[81], and there may be genetic factors that enhance or

inhibit the expression of the NGK2D ligands and modulate

disease severity in certain diseases [82].

Bcl-2 Family

The Bcl-2 proteins regulate the intrinsic pathway of

apoptosis by influencing the permeability of the MOM and

affecting the release of cytochrome c into the cytoplasm

[33] (Table 1). Each family member is characterized by

one or more Bcl-2 homology (BH) domains, and they can

be subdivided into proteins containing multiple Bcl-2

homology domains (BH1, BH2, and BH3) and proteins

containing only one Bcl-2 homology domain (BH3 only)

[33, 35]. Bax and Bak are multi-domain pro-apoptotic

proteins that mediate permeability of the MOM, and Bcl-2,

Bcl-XL, and MCL-1 are anti-apoptotic proteins that prevent

mitochondrial release of cytochrome c [35]. A subfamily of

proteins containing only one Bcl-2 homology domain (BH3

only) regulates the apoptotic activity of the multi-domain

proteins [35]. Bid, Bim, and Puma (p53 up-regulated

modulator of apoptosis) are proteins with only the BH3

domain, and they directly activate the pro-apoptotic Bax

and Bak proteins [35]. The interactions between these Bcl-

2 family members tightly regulate the intrinsic pathway of

apoptosis, and imbalances in this axis can also affect the

clinical phenotype [35].

Apoptosome Formation and Function

The apoptosome is a macromolecular complex that forms

in the cytoplasm after the release of cytochrome c and

activation of the intrinsic (mitochondrial) pathway of

apoptosis [27, 83] (Table 1). The core component of the

apoptosome is apoptotic protease activating factor-1

(APAF-1) which can bind cytochrome c and deoxyadeno-

sine triphosphate (dATP) [83–85]. The oligomeric apop-

tosome contains three domains that include a caspase-

associated recruitment domain (CARD), a nucleotide

binding domain, and a C-terminal domain that binds

cytochrome c [27, 37]. Procaspase-9 is bound to and acti-

vated by the apoptosome, and an activation cascade of

other caspases follows [36, 37, 86] (Fig. 1). The formation

and stability of the apoptosome can be affected by heat-

shock proteins that bind to APAF-1 and prevent its oligo-

merization [87–89], intracellular nucleotides that bind to

cytochrome c and inhibit its binding to APAF-1 [90], and

concentrations of calcium and potassium within the cell

that impair apoptosomal function [27].

Caspase Activation

Caspases are produced as zymogens, and they constitute a

family of proteolytic enzymes (cysteine-aspartic acid pro-

teases) whose activities can cascade in sequence and result

in the cleavage of chromosomal DNA and the digestion of

cytoskeletal and nuclear components [27, 45, 91]

(Table 1). Caspases 8, 9, and 10 (‘‘initiator caspases’’) can

trigger the apoptotic sequence by activating caspases 3, 6,

and 7. Caspases 3, 6, and 7 (‘‘executioner caspases’’) can

then cleave the intracellular substrates and induce apop-

tosis [27, 45]. The activation of caspases is involved in

both the intrinsic and extrinsic apoptotic pathways [24, 27,

45] (Fig. 1).

Caspases can be inhibited directly or indirectly by the

inhibitors of apoptosis proteins (IAPs) [27, 92] (Table 1).

The x-linked inhibitor of apoptosis protein (XIAP) is a

direct-acting caspase inhibitor [92, 93], and it binds to

caspases 3, 7, and 9. A tumor up-regulated CARD [caspase

activation and recruitment domain]-containing antagonist

of caspase 9 (TUCAN) can bind to procaspase 9, inhibit its

interaction with APAF-1, and indirectly prevent conversion

to the active protease [94, 95] (Fig. 1). Caspases can also

be strengthened or derepressed. The putative HLA-DR-

associated protein (PHAPI) can promote apoptosis by

increasing the activity of caspase-3 [83]. Other proteins

(Smac/DIABLO and Omi/HtrA2) can be released into the

cytoplasm by damaged mitochondria and promote apop-

tosis by inhibiting the IAPs [83, 96]. The membrane-bound

heat-shock-inducible protein, HtrA2, can efflux into the

cytoplasm during tissue injury and prevent the suppression

of caspase 3 by XIAP [96].

The survival of activated T lymphocytes is influenced by

the IAPs, and they can prolong the immune response and

associate with disease activity [97, 98] (Table 1). IAP-1,

IAP-2, Bcl-XL, and XIAP are up-regulated in activated T

lymphocytes from patients with multiple sclerosis, and the

level of IAP expression correlates inversely with T cell

susceptibility to apoptosis and directly with disease activity

[97–99]. The cellular caspase-inhibitory protein, FLIP

[FADD-like interleukin-1b converting enzyme (FLICE)-

like inhibitory protein], is another potent inhibitor of T cell

susceptibility to receptor-mediated apoptosis [99–103].

FLIP suppresses apoptosis triggered by TNF-a, FasL, and

TRAIL. FLIP binds to caspases 8, 10, and TRAIL, and it

inhibits the formation of a death-inducing signaling com-

plex (DISC) [102] (Fig. 1). The suppression or inactivation

of these IAPs by small interfering ribonucleic acids (siR-

NA) has been an active area of investigation [97, 98, 101,

102]. Decreased T cell responsiveness to apoptotic triggers

may also be due to other failures in the execution sequence

that may be genetically controlled [104].
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Apoptosis in Autoimmune Hepatitis

The apoptosis of hepatocytes is increased in autoimmune

hepatitis [23] (Table 2). The principal pathway of liver cell

loss is receptor mediated and triggered by liver-infiltrating

cytotoxic lymphocytes [24]. Apoptosis occurs mainly in

biliary epithelial cells, proliferating bile ductules, areas of

confluent necrosis that are densely infiltrated with lym-

phocytes, and hepatocytes (especially those in rosette for-

mation) [105]. The consequences of overactive apoptosis

(fragmented DNA and disrupted cell membranes) can then

initiate molecular and cellular responses that translate into

the classical phenotype of autoimmune hepatitis [2].

The release of apoptotic bodies from the dying hepato-

cytes activates Kupffer cells and quiescent hepatic stellate

cells [20, 56, 106–108] (Table 2). The Kupffer cells release

chemokines, cytokines, and reactive oxygen species which

further stimulate the hepatic stellate cells as well as pro-

mote the apoptosis of hepatocytes. The activated hepatic

stellate cells transform into myofibroblasts, and the myo-

fibroblasts enhance the apoptosis of hepatocytes by con-

tributing to an amplification loop that involves the release

of reactive oxygen species and increased oxidative stress

on the liver [56, 108]. The free apoptotic material in turn

stimulates an adaptive immune response as evidenced

clinically by the development of autoantibodies and the

emergence of liver-infiltrating cytotoxic T cells [17, 109].

Animal studies have strengthened the association

between hepatocyte apoptosis and hepatic fibrosis [38].

Bile duct ligated mice who are Fas-deficient have less

apoptosis, lower serum ALT levels, and less evidence of

hepatic stellate cell activation after 3 days than wild-type

mice, and they have less evidence of hepatic stellate acti-

vation and hepatic collagen deposition after 3 weeks [110].

Pharmacological inhibition of caspase activity in this same

bile duct ligation model has been associated with reduced

hepatocyte apoptosis, histological findings of liver injury,

markers of liver inflammation, hepatic stellate cell activa-

tion, and features of fibrogenesis in both 3- and 10-day

ligated animals compared to saline-treated animals [111].

Mice deficient in the anti-apoptotic protein, Bcl-XL, have

also manifested spontaneous and protracted apoptosis of

hepatocytes with progressive liver fibrosis in the absence of

hepatic inflammation [112].

The surface expression of the Fas receptor (CD95) is

increased in the lymphocyte subsets of patients with

autoimmune hepatitis, and liver tissue examinations have

disclosed increased levels of FasL in patients with auto-

immune hepatitis compared to tissue samples from patients

with PBC [23] (Table 2). Furthermore, the progenitor cells

in long-term cultures of bone marrow from patients with

autoimmune hepatitis have demonstrated increased apop-

totic markers compared to samples from normal individu-

als. The Fas-positive cells have corresponded to the

apoptotic cells, and the production of TNF-a and IFN-c in

cell culture has also been increased [113].

A key factor that can modulate the immune response in

autoimmune hepatitis is the efficiency by which the

apoptotic cells are cleared from the microenvironment [14–

17] (Table 2). Studies specific to autoimmune hepatitis

have not been performed to assess this process, but the

body of investigational evidence supports the importance

of these clearance mechanisms in regulating immune tol-

erance to self-antigens [16, 114]. The apoptotic cells must

Table 2 Apoptotic features of autoimmune hepatitis

Apoptotic feature Clinical effects

Receptor-mediated (extrinsic)

pathway

Increased expression of Fas (CD95)

on lymphocyte subsets [23]

Increased levels of FasL (CD95L) in

liver tissue [23]

Fas/FasL ligation activates caspase

cascade [23, 24]

Overactive apoptosis Interface hepatitis [2]

Present in confluent necrosis with

dense lymphocytic infiltration

[105]

Involves hepatocytes (mainly in

rosette formation) [105]

Includes biliary epithelial cells and

proliferating bile ductules [105]

Apoptotic cells formerly called

‘‘Councilman bodies’’ [6–8]

Apoptotic bodies Activates Kupffer cells and hepatic

stellate cells [20, 56, 106–108]

Pro-fibrotic [106]

Stimulates neo-antigen formation and

autoantibodies [17, 109]

Enhances immune-mediated

response [17]

Impaired phagocytosis of

apoptotic bodies

Conjectural in autoimmune hepatitis

[17]

Clearance burden increased because

of overactive apoptosis [16, 17]

Pro-inflammatory, fibrotic, and

autoreactive responses [16]

Diverse regulators of

phagocytosis of apoptotic

bodies

Phosphatidylserine surface

expression activates macrophages

[115, 116]

TAM receptor tyrosine kinases

promote phagocytosis [117, 118]

LXR induce TAM receptors and

reduce autoreactive response [17,

119]

Numbers in brackets are references

LXR liver X receptors, TAM Tyro3, Axl, Mer receptor tyrosine

kinases
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be eliminated without generating an inflammatory, fibrotic,

or immune response.

Apoptosis is characterized by surface membrane dis-

tortion and cell fragmentation, and the loss of membrane

symmetry during apoptosis can stimulate oxidation of

phospholipids in the surface membrane of the dying

hepatocytes [115] (Table 2). The surface expression of

phosphatidylserine can trigger a sensing system that acti-

vates macrophages [116], and a family of surface receptors

[TAM (Tyro3, Axl, Mer) receptor tyrosine kinases] on

macrophages and dendritic cells can interact with the dying

cells to promote their phagocytosis [117, 118]. Liver X

receptors (LXR) are lipid-dependent regulators of inflam-

matory gene expression [119], and they are activated by

excess lipoprotein-derived cholesterol in macrophages [17,

120]. The LXR can induce the production of the TAM

receptor, Mer, and help repress the inflammatory and

immune responses [17, 119].

Kupffer cells can also participate in the clearance of

apoptotic cells [29], and non-professional phagocytic cells,

such as biliary epithelial cells, can contribute to this pro-

cess [121]. Human biliary epithelial cells have receptors for

phosphatidylserine, and their phagocytic property may be

triggered by the expression of phosphotidylserine on

apoptotic cells [121]. The nucleotides, adenosine triphos-

phate (ATP) and uridine triphosphate (UTP), are also

released by apoptotic cells, and these chemical mediators

can attract macrophages and hepatic stellate cells that

express purinergic receptors, especially P2Y2 [38, 122,

123]. These nucleotides can promote clearance of apoptotic

bodies by professional phagocytic cells, and they can also

recruit and activate hepatic stellate cells [123]. Fractalkine,

adenosine, and lysophosphatidylcholine are other chemo-

attractants released by apoptotic cells that can influence

clearance of cellular fragments [38, 124].

The ingestion of the apoptotic cells by macrophages

releases anti-inflammatory cytokines (IL-10 and TGF-b),

suppresses the production of pro-inflammatory cytokines,

and limits the immune response to the apoptotic material

[16, 114, 125, 126] (Fig. 1). Deficiencies in the clearance

of apoptotic bodies because of overactive apoptosis or

intrinsic defects in macrophage signaling and recruitment

may be important drivers in perpetuating and accentuating

the inflammatory and immune response in autoimmune

hepatitis. Clarification of these deficiencies may identify

opportunities for corrective interventions.

Feasible Apoptosis-Directed Interventions

in Autoimmune Hepatitis

The complexities of the apoptotic pathways suggest mul-

tiple sites which might be targeted in autoimmune hepatitis

[27, 62, 127]. These sites are involved in homeostatic

mechanisms that protect against infection, malignancy, and

autoreactivity, and interventions that target these sites may

affect diverse cell populations that could weaken normal

innate and adaptive immune responses [4]. The lack of cell

type specificity may be one reason that therapies designed

to directly modulate apoptotic activity have been slow to

evolve in diseases outside of malignancy [27, 128–130].

In autoimmune hepatitis, site-specific interventions that

shorten the survival of autoreactive effector cells or reduce

the apoptosis of hepatocytes are desirable therapeutic

objectives, especially as adjunctive treatments in selected

problematic patients. Such therapies based on modulation

of the apoptotic pathways are only theoretical consider-

ations in autoimmune hepatitis and far from clinical

application. The extrinsic or receptor-mediated pathway of

apoptosis is the principal pathogenic pathway of autoim-

mune hepatitis and the appropriate focus of future inves-

tigational activity [23].

Caspase Inhibitors

Agents that inhibit caspase activity have been studied most

commonly in experimental and human disease, and they

are candidates for study in autoimmune hepatitis [27, 38,

131] (Table 3). Caspase inhibitors reduce apoptosis, and

they are logical interventions to consider in diseases

characterized by an overactive apoptotic state [27]. Broad

spectrum irreversible caspase inhibitors have reduced

apoptosis in murine models of acute liver injury [132, 133],

bile duct ligation [111], NAFLD [134, 135], acute liver

failure after massive hepatectomy [136], and organ ische-

mia [137]. Caspase inhibitors have also been used in pre-

liminary studies of patients with diverse liver test

abnormalities [138] and patients with chronic hepatitis C

[131, 139, 140], and they have protected organs from

ischemia/reperfusion injury in liver transplantation [141].

These experiences support the candidacy of caspase inhi-

bition as a treatment consideration in autoimmune

hepatitis.

Toll-Like Receptor Antagonism

Nuclear fragments that result from apoptosis may act as

neo-antigens [13], and the toll-like receptors, TLR7 and

TLR9, of the innate immune system can in turn recognize

these antigens [142] (Table 3). Dendritic cells and auto-

reactive B cells are then activated, and the immune

response can be triggered, strengthened, or perpetuated

[142]. Systemic lupus erythematosus is a prototypic

immune-mediated disease that is characterized by B cell

hyperactivity, and toll-like receptors have been implicated

in its pathogenesis. Accordingly, oligonucleotide inhibitors
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of TLR7 and TLR9 signaling have been appropriate ther-

apeutic considerations, and they have shown promise in

murine models of this disease [38, 143]. Autoimmune

hepatitis is also associated with increased B cell activity,

but it is distinguished mainly by liver-infiltrating cytotoxic

T cells and excessive apoptosis of hepatocytes [23]. The

rationale for considering this intervention in autoimmune

hepatitis is tenuous.

XIAP Targeting

IAPs may protect effector T lymphocytes from apoptosis

and thereby prolong the immune response by inhibiting

procaspase 3 and 7 activation [144, 145] (Table 3). XIAP is

the most potent and best characterized IAP, and increased

levels of XIAP can inhibit both the intrinsic and extrinsic

pathways of apoptosis [146–149]. Antisense oligonucleo-

tides that bind to the XIAP mRNA promote degradation of

this molecule, and this action might curtail autoimmune

hepatitis [147, 150–152]. Elimination of disease-associated

XIAP mRNA has improved experimental autoimmune

encephalitis in mice, and it has theoretical advantages that

might apply to autoimmune hepatitis [147].

Effector cells in immune-mediated disease models

require only partial down-regulation of XIAP expression to

promote their demise since sensitivity for apoptosis is

increased [146, 147]. Macrophages are not eliminated by

targeting XIAP since their survival is not apoptosis

dependent, and protective T cells that are not disease-

activated are unaffected by therapy [147]. Theoretically,

treatment with antisense oligonucleotides could improve

autoimmune hepatitis without abolishing XIAP activity or

greatly compromising the integrity of the innate and

adaptive immune systems. The major concern about this

intervention is its uncertain immediate impact on an

apoptotic process within the liver which is already

overactive.

Promoters of Apoptotic Cell Clearance

Apoptotic bodies can enhance the inflammatory, immune,

and fibrotic responses to tissue injury, and interventions

that help clear them might ameliorate autoimmune hepa-

titis. Clearance mechanisms have not been evaluated in

autoimmune hepatitis, but the burden of apoptotic bodies

for elimination must be great in a disease characterized by

overactive receptor-mediated cell death. Agonists of the

LXR can promote phagocytosis of these bodies [17], and a

histidine-rich glycoprotein (HRG) synthesized in the liver

and released in the circulation can stimulate removal of

these dying cells and modulate the adaptive immune sys-

tem [153]. Treatments that up-regulate the expression of

Table 3 Feasible apoptosis-directed interventions in autoimmune hepatitis

Intervention Effects Experience

Caspase inhibition Interruption of caspase cascade [27]

Direct prevention of apoptosis [131]

Animal models

Acute liver injury [132, 133]

Bile duct ligation [111]

Non-alcoholic fatty liver disease [134]

Acute liver failure [136]

Ischemia [137]

Humans

Liver test abnormalities [138]

Chronic hepatitis C [131, 139, 140]

Donor organ preservation injury [141]

TLR antagonists Block TLR7 and TLR9 signaling [142]

Blunt innate immune system activity [142]

Oligonucleotide inhibitors available [143]

Evaluated in animal models of SLE [143]

XIAP inhibition Inhibits procaspase 3 and 7 activation [144, 145]

Inhibits intrinsic and extrinsic pathways [146]

Antisense oligonucleotides available [147]

Targets XIAP mRNA [147, 150, 151]

Improves murine EAE [147]

Promoters of apoptotic

body phagocytosis

Limits neo-antigen formation [16, 114]

Blunts inflammatory, fibrotic responses [16]

Inhibits adaptive immune responses [16, 126]

Conceptual [16, 17]

Promoted by LXR [17]

Stimulated by liver-released HRG [153]

Enhanced by TAM receptors [117, 118]

Numbers in brackets are references

EAE experimental autoimmune encephalitis, HRG histidine-rich glycoprotein, SLE systemic lupus erythematosus, TAM Tyro3, Axl, Mer receptor

tyrosine kinases, TLR toll-like receptors, XIAP x-linked inhibitor of apoptosis protein
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TAM receptor tyrosine kinases on macrophages and den-

dritic cells or modulate the production of LXR or HRG in

autoimmune hepatitis are investigational opportunities that

have yet to be explored (Table 3).

Distant Hypothetical Considerations

The identification of the key regulatory sites affecting

disease severity in autoimmune hepatitis and the avail-

ability of agents that can precisely and safely target these

sites will determine the direction of future investigations in

the treatment of autoimmune hepatitis. Sites that can

modulate the apoptotic pathways are abundant, but the

critical sites and the optimal instruments by which to safely

target them are unknown. Interventions that may mature

into testable considerations in autoimmune hepatitis are

those that affect mainly the extrinsic receptor-mediated

apoptotic pathway. Antisense RNAs that bind to specific

mRNAs and increase their degradation [150–152, 154,

155], monoclonal antibodies against Fas-bearing cells

[156], peptides and peptide mimics [157], fusion molecules

with TRAIL that are designed to reduce pro-inflammatory

responses [158], agonists that enhance the expression of

cell death ligands and inhibit T cell proliferation and

cytokine production [159–162], and the genetic and

molecular manipulation of signaling pathways that regulate

cell fate [163, 164] are interventions that await assimilation

into future investigational algorithms.

Obstacles to the Development of Apoptotic

Interventions in Autoimmune Hepatitis

The principal obstacles to the development of apoptotic

interventions in autoimmune hepatitis are the lack of an

animal model that accurately reflects the overactive apop-

totic state of the human disease, the possibility that inter-

ference with the apoptotic pathways may disrupt essential

homeostatic mechanisms, and the paucity of human expe-

riences with these interventions in non-malignant liver

disease. Currently, the rationale for this therapy in liver

disease is stronger than the human experience, and studies

to date have mainly confirmed feasibility but not indicated

uniform and compelling efficacy or established safety.

There have been no animal or human experiences with

apoptotic interventions in autoimmune hepatitis.

Two experimental animal models have emerged as

possible resources for the development of site-specific

interventions in autoimmune hepatitis. Both models are

based on the use of human antigens implicated in the

pathogenesis of autoimmune hepatitis, and they each gen-

erate characteristic histological changes and human

autoantibodies. One model is based on the immunization of

female mice with plasmids of cytomegalovirus containing

the antigenic region of the human cytochrome mono-oxy-

genase, CYP2D6, and human formiminotransferase cyc-

lodeaminase [165]. The other model is based on the

infection of mice with an adenovirus expressing human

CYP2D6 [166]. These models are resources that may be

exploitable for the study of apoptotic mechanisms and

therapy in autoimmune hepatitis.

Apoptotic pathways influence the development and

effectiveness of the innate and adaptive immune systems to

counter infection, autoreactive responses, and malignancy,

and the maintenance of the pathways for programmed cell

death in diverse cell populations is essential for a stable

existence [4, 6, 24, 27, 39, 58]. Anti-apoptotic interven-

tions have imprecise targets, and efforts to disrupt disease

pathways may have collateral effects on essential homeo-

static pathways that protect against infection and

malignancy.

The human experiences with caspase inhibitors in

diverse chronic liver diseases, especially chronic hepatitis

C, have recorded no adverse reactions, albeit the exposures

have been short (2 weeks) [131, 139]. Furthermore, con-

cerns that anti-apoptotic therapy may promote malignancy

have been eased by studies demonstrating the absence of

spontaneous cancers in animals with genetic deletions of

the death receptors [167, 168]. Animal studies have also

indicated that the inhibition of apoptosis can reduce the

formation of hepatic cancer in a transgenic murine model

of hepatitis B virus infection possibly by diminishing cell

turnover [131, 169]. The preliminary nature of the clinical

experiences and the multiple unresolved safety issues,

including possible increased susceptibility to certain

infections (listeria monocytogenes) [170], warrant restric-

tion of initial studies in autoimmune hepatitis to experi-

mental cell lines and animal models.

Apoptotic therapies have been evaluated mainly in

malignancy, and there have been no human studies in non-

malignant liver diseases that have demonstrated a com-

pelling advantage of this therapy over conventional man-

agement strategies. Of 105 patients with diverse chronic

liver diseases enrolled in a multicenter, double-blind, pla-

cebo-controlled, dose-ranging study, all patients with

chronic hepatitis C and those few with NAFLD who

received a caspase inhibitor for 2 weeks experienced a

significant improvement in serum aspartate (AST) and

alanine (ALT) aminotransferase levels compared to pla-

cebo-treated patients [139]. These findings have justified

the performance of longer studies to assess the possible

benefits of caspase inhibition on liver inflammation and

fibrosis [139]. A phase II clinical study of caspase inhibi-

tion has also been launched for acute alcoholic hepatitis

[27].
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Clinical studies of apoptotic therapy in non-malignant

chronic liver diseases are just beginning, and the rationale

for such therapy in immune-mediated liver disease, notably

PBC [9, 171–175], is gathering strength. Apoptotic therapy

in autoimmune hepatitis is in an early theoretical stage of

development, but the rationale, instruments, and precedents

are sufficient to encourage its consideration and active

investigation.

Overview

Dysregulation of the normal apoptotic mechanisms that

maintain organ integrity can contribute to the occurrence

and severity of autoimmune hepatitis by promoting

excessive hepatocyte loss and prolonging survival of

autoreactive cells. Perturbations in the receptor-mediated

(extrinsic) pathway of apoptosis predominate in autoim-

mune hepatitis, and these disturbances may relate to

polymorphisms in the gene that encodes the Fas (CD95/

APO-1) receptor, failures of IAPs to modulate the apop-

tosis of hepatocytes and effector cells, and defects in

intercellular signaling pathways that support clearance

(phagocytosis) of apoptotic bodies.

The challenges in developing therapies that modulate

apoptosis in autoimmune hepatitis are to select the appro-

priate cell population to target and to design therapies that

are restricted to that cell population. Activated liver-infil-

trating lymphocytes are the key effector cells that promote

hepatocyte apoptosis, and interventions that increase the

apoptosis of these effector cells might diminish the

excessive apoptosis of hepatocytes. They may also increase

hepatocyte loss. Alternatively, interventions that reduce the

apoptosis of hepatocytes might increase the survival of the

effector cells and perpetuate the disease. These theoretical

concerns must be addressed by appropriate investigations if

interventions directed at the apoptotic pathways are to

mature in autoimmune hepatitis.

Interventions that directly modulate apoptotic activity

have not been studied in autoimmune hepatitis, but pre-

liminary investigations in animal models and humans with

ischemic, toxic, viral, and metabolic liver diseases suggest

that caspase inhibition is a candidate for study. Preserva-

tion of the apoptotic pathways is critical in maintaining the

homeostasis of the innate and adaptive immune systems,

and any therapeutic consideration that influences these

pathways must ensure the adequacy of the protective sur-

veillance mechanisms.

Corticosteroid-based immunosuppressive regimens are

effective in autoimmune hepatitis, and they alleviate the

clinical (autoantibodies) and histological (interface hepa-

titis) manifestations of apoptosis probably by attenuating

the immune-mediated response. Interventions that directly

modulate apoptotic activity must be shown to have an

additive or superior effect to current drug regimens, and

they would likely emerge as adjunctive treatments in

highly selected problematic patients.

Clinical studies of apoptosis have been facilitated by the

emergence of enzyme-linked immunosorbent assays

(ELISAs) that assess biomarkers of apoptosis and overall

cell death [59]. Caspase 3 cleaves cytokeratin 18 at a

specific site, and it generates a fragment of the cytoskeleton

that contains the M30 epitope. The M30 epitope can be

measured by an ELISA to assess apoptosis [176]. Overall

liver cell injury can be evaluated by two ELISAs. The

destruction of cytokeratin 18 during cell death releases

diverse fragments that contain an M65 epitope, and this

epitope can be measured by an ELISA to assess overall cell

death [177]. The alpha subtype of glutathione-S-transferase

(GST-a) is released from the cytosol of injured hepato-

cytes, and its short half-life allows another ELISA to assess

active liver cell injury [178]. These assays for neo-antigens

derived from liver cell injury have been used to assess the

mechanisms of hepatocyte death and the severity of liver

injury in diverse diseases [59, 177, 179], and their avail-

ability should improve the study of apoptosis in autoim-

mune hepatitis and facilitate the assessment of apoptotic

interventions.
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