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Apoptosis is a primary characteristic in the pathogenesis
of liver disease. Hepatic apoptosis is regulated by autophagic
activity. However, mechanisms mediating their interaction
remain to be determined. Basal level of autophagy ensures
the physiological turnover of old and damaged organelles.
Autophagy also is an adaptive response under stressful
conditions. Autophagy can control cell fate through different
cross-talk signals. A complex interplay between hepatic
autophagy and apoptosis determines the degree of hepatic
apoptosis and the progression of liver disease as
demonstrated by pre-clinical models and clinical trials. This
review summarizes recent advances on roles of autophagy
that plays in pathophysiology of liver. The autophagic
pathway can be a novel therapeutic target for liver disease.

Cross-Talk Between Autophagy and Different
Modes of Cell Death

Autophagy is a self-digestive process with different types in
mammalian cells. The macroautophagy is a predominant form that
is often referred to as autophagy. Autophagy takes part in diverse
activities such as nutrient starvation, destruction of intracellular
pathogens and degradation of damaged organelles. The autophagy
is the unique mechanism to decompose large organelles and protein
aggregates. Therefore, autophagy can maintain cell homeostasis and
ensures cell survival under stressful conditions. Multifunctional
roles of autophagy exert its potential for both adaptive and harmful
outcomes. The malfunction of autophagy plays a pathogenic part
in human diseases such as microbial infection, neurodegeneration
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and cancerogenesis.'> There are considerable cross-talks between
the autophagy and different modes of cell death (Fig. 1). The latter
includes apoptosis, pyroptosis, necroptosis, and necrosis. Apoptosis
as one of terminal paths of cell death is a typical form of pro-
grammed cell death (PCD), which is involved in morphogenesis
during embryonic development and elimination of aged or harmful
cells to maintain adult tissue homeostasis. The deficiency of apo-
ptosis can lead to developmental defects, neurodegeneration and
carcinogenesis. In liver, chronic disease accompanies a lot of hepa-
tocyte apoptosis. Hepatic apoptosis is considered to be a prominent
pathological feature in most forms of liver injury. Interventions in
hepatic apoptosis can delay disease progression and reduce the mor-
bidity of liver disease. However, no therapeutic approaches are cur-
rently satisfied in clinical practice. The responsible mechanisms of
hepatic apoptosis are still under investigation.” Autophagy contrib-
utes to bulk degradation of cytoplasm and mitochondrion.”®
Autophagy influences mitochondrial recycle and can thus modulate
hepatic apoptosis via mitochondrial pathway. Inflammasome-
dependent caspase-1 activation promotes pyroptotic cell death and
the secretion of proinflammatory cytokines.” Autophagy is also
associated with caspase-independent cell death, which leads to
necrosis and necroptosis.® Furthermore, proapoptotic roles of
autophagy have been reported.”'® Future studies may focus on the
dynamic equilibrium among autophagy, apoptosis, and necrosis in
the context of disease-related pathogenesis.''* A good understand-
ing of these relationships would be essential in the development of
therapeutics targeting the autophagy pathway for the treatment of
relevant diseases.

Interconnection Between Autophagy
and Apoptosis

Autophagy plays important roles in cell survival as well as in
the regulation of cell death, especially apoptosis-signaling
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Figure 1. Schematic representation of the cross-talk between autophagy
and different modes of cell death. Both autophagy and apoptosis can
lead to cell death. They can act independently in parallel pathways. How-
ever, autophagy and apoptosis are partners, one may influence the
other. Autophagic process is an early adaptive response prior to apopto-
tic cell death, placing it upstream of apoptosis. Cytoprotective autoph-
agy may suppress apoptosis, and vice versa.

pathways. The evidence that autophagy regulates apoptosis
includes (i) mitophagy. Autophagy can selectively degrade dam-
aged mitochondria and maintains mitochondrial homeostasis.
Mitochondrion-dependent (intrinsic) pathway is well known to
be important machinery for apoptotic cell death; (ii) morpholog-
ical similarity of final products. Autophagy itself can cause cell
death or autophagic cell death.'*"* The autophagic cell death as
one form of PCD is accompanied with the formation of autopha-
gosomes and mediated by autophagy proteins.'®'” The activa-
tion of autophagic cell death through the JNK/Beclin 1 pathway
has been investigated in the treatment of liver cancer.'® There is
a similarity between autophagosomes (autophagic cell death) and
apoptotic bodies (general apoptosis) in morphology. Study on
the metamorphosis of moths has revealed a novel form of PCD
that is different from T cell death during negative selection in the
mouse thymus. The cell death of moth at the end of metamor-
phosis is a classic example of autophagic cell death.'”** The
autophagic activity probably is a survival mechanism to protect
dying cells from death, but the causative relationship between
autophagic response and cell death has not been confirmed by
histological and biochemical studies; (iii) interaction between
Beclin-1 and antiapoptotic Bcl-2 family members. Bcl-2 proteins
not only counteract the activity of proapoptotic proteins to
downregulate apoptosis, but interact with Beclin-1 to impede
autophagy as well. Bcl-2 members such as Bcl-2, Bcl—X; and
Bcl—B can bind to Beclin-1, prevent the association of Beclin-1
with PI3KC3 complex and inhibit autophagy.”' > BNIP3 can
cause apoptosis through sequestering Bcl-2 family proteins, pro-
moting Bax/Bad-dependent release of proapoptotic mediators,
and disrupting the interaction between Bcl-2 and Beclin-1.%*
Autophagy and apoptosis can be coordinately regulated by Bcl-2
family proteins. Moreover, Beclin-1 is cleaved and inactivated by
caspases during activation of apoptosis. Apoptosis-effector
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molecules may suppress autophagy;”® (iv) role of p53. p53
can co-regulate autophagy and apoptosis. p53 modulates the
expression of apoptosis-related genes (i.e. Bcl-2 and Apafl) and
autophagy-related pathways (i.e, AMPK/mTOR and Bmf/
Beclin-1).>**”  Furthermore, p53 targets the expression of
DRAM and can stimulate both autophagy and apoptosis.”® The
cross-talk between apoptosis and autophagy is critical to the cell fate,
but complicated by their contradictory roles under some conditions.
Both autophagy and apoptosis as partners affect each other.

Autophagy May be an Adaptive Stress Response
Prior to Apoptotic Cell Death

Basal level of autophagy ensures the physiological turnover of
aged and/or damaged organelles. Autophagy maintains cell sur-
vival subsequent to stressful factors. The massive accumulation of
autophagic vacuoles may stand for either an ultimate attempt for
cells to survive by adapting to stress or an alternative pathway of
cell death. An increased formation of autophagosomes is often
coincident in cells that are dying, which represents a possibility
that the adaptive mechanism fails and cells are dying under cru-
cial conditions.”” Autophagic response is earlier than apoptotic
cell death, placing autophagy upstream of apoptosis. An excess
activation of autophagy may contribute to apoptotic cell death
through unchecked degradative processes. Autophagy involves
the apoptotic process as reflected by morphological and biochem-
ical features.”® Autophagy participates in ATP-dependent events
and shows certain morphological changes such as membrane
asymmetry and blebbing. Autophagic cell death also is similar to
apoptosis in their final products as small sealed membrane
vesicles. However, autophagic cell death follows an increase in
autophagic vesicles such as autophagosomes and autophagolyso-

1,32
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Only partial chromatin condensation is found in
autophagy-mediated cell death, but DNA fragmentation is iden-
tified in apoptotic cell death. Because the distinction between
autophagy and apoptosis remains to be defined, 2 processes may
occur simultaneously in the same cell type. Both autophagy and
apoptosis may act independently in parallel pathways, or one

may influence the other.

Autophagy May Enable Apoptosis

The autophagic activation beyond a certain threshold may
incur the collapse of cellular function, resulting in autophagic
cell death directly or the execution of apoptotic cell death via
common regulators such as Bcl-2 family proteins.’>?> The
genetic manipulation of autophagic pathway has suggested that
the autophagy may be a protagonist of apoptosis. In a toxicologi-
cal model of cigarette smoke extract (CSE) exposure to epithelial
cells, the cells die of the apoptosis-extrinsic pathway that involves
the activation of Fas-dependent death-inducing signaling com-
plex (DISC) and downstream activation of caspases —8, —9, and
—3.21% The CSE exposure increases autophagosome formation
in epithelial cells and cell processing of LC3B-I to LC3B-IL.>"°
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Knockdown of autophagy proteins Beclin-1 or LC3B could
inhibit CSE-induced apoptosis, suggesting that an enhanced
autophagy is associated with apoptotic death in epithelial cells.
LC3B is a regulator of apoptosis-extrinsic pathway engaged with
the Fas complex. CSE exposure induces a rapid dissociation of
LC3B from Fas and the activation of apoptosis signaling.”'® Per-
haps, the nature of foreign substrate (e.g. tar) causes a toxic
autophagy and alters the functionality of the autophagic
response, which may differ from starvation-induced physiological
autophagy. In addition, p53-dependent autophagy through upre-
gulation of DRAM is coincidental with upregulation of apopto-
sis.>*%¢ Interestingly, DRAM/mitophagy signaling mediates
apoptosis only in mild hepatosteatosis, whereas p53/BAX path-
way induces apoptosis mainly in severe hepatosteatosis.”” TNFa
can induce autophagy in trophoblasts leading to the activation of
apoptosis-intrinsic pathway. Knockdown of Atg5 prevents
TNFa-dependent activation of proapoptotic caspases.”® Autoph-
agy regulates human neutrophil apoptosis and mediates the early
pro-apoptotic effect of TNFa in neutrophils.”” Another study
demonstrated that the deletion of Atg5 was also shown to protect
cells from pro-death environmental stimuli. However, this resis-
tance may result from compensatory activation of chaperone-
mediated autophagy, rather than inhibition of macroautophagy
as such.”® The deprivation of growth factors activates autophagy
followed by apoptotic cell death. Autophagy precedes apoptosis
through caspase-mediated cleavage that abrogates the autophagic
function of Beclin-1 as well as generates a Beclin-1-C fragment.
The purified Beclin-1-C fragments can promote a release of cyto-
chrome ¢ and HtrA2/Omi from mitochondria. Caspase-depen-
dent generation of Beclin-1-C creates an amplifying loop and
further stimulates apoptosis subsequent to growth factor with-
drawal.*' Of note, the genetic knockdown of one autophagy-
related factor cannot establish whether autophagy is protective or
not in any context, since a down-regulation of the target may
arouse other signaling pathways that are independent of autoph-
agy, or compensatory activation of different types of autophagy.

Autophagy Can Antagonize Apoptosis

Autophagy and apoptosis are 2 distinct processes. Autophagy
acts to create a cellular milieu in which survival is favored. Actu-
ally, autophagy triggers the pro-survival mechanism. Thus,
autophagy counteracts apoptotic cell death via cell survival path-
way. Mechanisms mediating the counter-regulation of apoptosis
through autophagic pathway are stll under investigation.
Autophagy can attenuate apoptosis by (i) removing damaged
debris or denatured subcellular constituents. Autophagy selec-
tively eliminates damaged organelles and dangerous pathogens
that are proapoptotic factors. Degradation of damaged mito-
chondria impedes apoptotic pathways by preventing MOMP
and the subsequent release of pro-apoptotic molecules such as
cytochrome ¢ and Smac/Diablo; % (ii) maintaining genomic
integrity in the face of variously disturbing conditions such as
metabolic stress, drug toxicity or radiation damage.***® Auto-
phagic process or mitophagy can depolarized

scavenge
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mitochondria that are a source for genotoxic ROS.** The absence
of autophagy causes DNA damage, gene amplification and chro-
mosomal abnormalities following metabolic stress in tumor
cells.*>* The autophagy defect synergized with altered apoptotic
activity may facilitate tumor malignant differentiation, which
results in a more aggressive cancer cell phenotype and poor prog-
nosis of HCC; %47 (iii) catabolizing cellular organelles and mac-
romolecules to provide a source of nutrients and energy for the
starved cell. Autophagy is a mechanism to maintain cellular
energy balance and preserve cellular function. The limited self-
eating can provide cells with metabolic substrates to meet their
energetic demands as shown during periods of starvation in adult
mice and in the feeding adaptation period of neonatal mice;**>*
(iv) limiting ER stress through the degradation of unfolded pro-
tein aggregates. ER stress caused by disturbances in the structure
and function of the ER incurs the accumulation of misfolded
proteins. Autophagy can recycle protein aggregates and misfolded
proteins to maintain ER function. Therefore, autophagy is able
to suppress the ER stress response and subsequent apoptosis.” >’
Particularly, autophagy promotes survival only in apoptosis-com-
petent cells. When the ER stress is prolonged in Bax/Bak—/—
cells that are defective in apoptosis, autophagy is associated with
increased necrotic cell death;’®>? (v) facilitating cell growth and
proliferation. An inhibition of autophagy in human pancreatic
tumor cells, leukemia cells, and malignant glioma cells can
enhance the death response of these cells to anticancer ther
apy.®*®? Likewise, the inhibition of autophagy can increase the
antineoplastic potency of the histone deacetylase inhibitor SAHA
in imatinib-resistant primary CML cells and the antiangiogenic
effects of kringle 5 in endothelial cells, resulting in apoptotic cell
death.®>®* Furthermore, autophagy can protect non-transformed
epithelial cells from anoikis. The loss of matrix attachment indu-
ces apoptotic cell death.®>%® Collectively, autophagy antagonizes
apoptosis and promotes cell survival via a series of response to
damaged organelles, ER stress, DNA stability, or loss of nutrient
and growth factor signaling pathways. Remarkably, autophagy
can enable and/or antagonize apoptosis. Contrary effects of
autophagy are regulated by a complex network of signal trans-
ducers, most of which participate in non-autophagic signaling

0,67,68
cascades as well.>*¢”

Cross-Talk Mechanism Between Autophagy
and Apoptosis

Autophagy and apoptosis are 2 interconnected mechanisms
subsequent to cellular stress. The molecular interplay between
2 mechanisms is not fully understood. It is well known that
autophagy serves a cytoprotective role under physiological condi-
tion. The cytoprotective function of autophagy involves negative
modulation of apoptosis and vice versa.”>® Cross-talks between
autophagy and apoptosis have been demonstrated by recent
advances, which are manifested by regulatory genes that are
shared with common pathways. These regulatory genes include
p53, Atgd, Bcl-2, and so on. Stimuli that lead to the activation or
suppression of these genes will affect cell fate via particular
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between autophagy and apoptosis; (ii)
interactions between Beclin-1 and Bcl-2/
Bcl-x;. Mammalian Beclin-1 as a key
protein in autophagic pathway is a novel
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A deletion of mouse Beclin-1 alleles
leads to early death during embryogene-
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AMBRA-1 and/or Barkor to assemble
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I PI3K 5283 Both
autophagy and apoptosis are regulated
by Bcl-2 proteins.”” Beclin-1 may have a

class complex.

role in the convergence between autoph-

Figure 2. Cross-talk mechanism between autophagy and apoptosis. Molecular signaling pathways
affect both autophagy and apoptosis. Atg levels are mediated by caspase, calpain, c-FLIP, Bcl-2, p53,
and so forth. Red arrows ending in perpendicular lines denote inhibition of the reaction.

agy and apoptosis in response to specific
signals; (iii) dual function of certain Atg

proteins. Some Atg proteins play dual

signaling pathway. Mechanisms of the cross-talk between
autophagy and apoptosis include (i) autophagic degradation of
active caspases (Fig. 2). By employing advantage of Bax(—/—)
Hctl16 cells that are TRAIL-resistant, a recent study reveals the
expression pattern and subcellular localization of active caspase-8
in TRAIL-mediated autophagy and its role in the autophagy-to-
apoptosis shift upon autophagy inhibition.”” The TRAIL-medi-
ated autophagic activity counter-balances the TRAIL-mediated
apoptotic response by the continuous sequestration of the large
caspase-8 subunit in autophagosomes and its subsequent elimina-
tion in lysosomes.”" Caspase-8 can also cleaves autophagic pro-
tein Atg3, leading to Atg3 degradation.”* This event is inhibited
by a pan-caspase inhibitor (Z-VAD-fmk) or a caspase-8-specific
inhibitor (zIETD-fmk).”> Atg3 cleavage plays a regulatory role
during TNFa-induced apoptosis. Atg3 becomes a novel link
between apoptosis and autophagy. Other caspase-dependent
events have also implicated in antiautophagy or proautophagy
reactions. Caspase-3 cleaves Atg4D into DeltaN63 Atg4D that
displays an increased activity against the Atg8. Caspase-cleaved
Atg4D triggers mitochondria-targeted apoptosis.”* Proapoptotic
caspase-3 can down-regulate autophagy by interacting with
Beclin-1. Caspase processing of Atg4D is pro-autophagy, whereas
caspase processing of Beclin-1 is anti-autophagy. Caspase-medi-
ated cleavage inactivates Beclin-1-induced autophagy and enhan-
ces apoptosis by promoting the release of proapoptotic factors
from mitochondria.*! Inhibition of the cytoprotective autophagy
shifts the cells toward apoptosis.”® Apoptotic signaling, in turn,
serves to inhibit autophagy.® Autophagic degradation of active
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roles in the regulation of autophagy. The
autophagic protein Atg5, well known in
autophagy, contributes to autophagic cell death. Atg5 can also
interact with FADD to stimulate extrinsic apoptosis pathways
and induces apoptotic death that can be blocked by pan caspase
inhibitor Z-VAD-fmk.** Atg12, the binding partner for Atg5, is
required for autophagosomal elongation. Atgl2 also is a positive
mediator associated with anti-apoptotic Bcl-2 family members to
promote mitochondrial apoptosis.®” Atg12 may bind and inacti-
vate Bcl-2 proteins (i.e. Bcl-2 and Mcl-1) through its unique
BH3-like motif, and thereby act as a proapoptotic regulator as
well; (iv) calpain-mediated cleavage of Atg protein switches
autophagy to apoptosis. Atg5 is required for the formation of
autophagosomes and regulates autophagy. Atg5 can enhance sus-
ceptibility toward apoptotic stimuli as well. Apoptosis was associ-
ated with calpain-mediated Atg5 cleavage, which is independent
of the cell type and the apoptotic stimulus. The calpain-depen-
dent Atg5 cleavage generates an Atg5 truncation product. The
truncated Atg5 is translocated from the cytosol to mitochondria,
which inhibits the anti-apoptotic Bcl-x;, and provokes cyto-
chrome ¢ release and caspase activation.*® Moreover, following
calpain-mediated Atg5 cleavage, doxorubicin treatment shifts
protective autophagy induced by deficiency of sphingosine-1-
phosphate phosphohydrolase 1 into apoptosis in human breast
cancer cells.’” Calpain-mediated pathway also dominates cis-
platin-induced apoptosis in human lung adenocarcinoma cells.
Inactivating calpain or silencing Bid delays cytochrome ¢ release,
caspase-3 activation and subsequent cell death;®® (v) role of c-
FLIP. The protein ¢-FLIP (cellular FLICE-like inhibitory pro-
tein) can suppress death receptor-induced caspase 8 activation.
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Thus, the ¢-FLIP is an apoptosis-inhibitor of the extrinsic apo-
ptotic pathway. Recently, c-FLIP is also found to involve an inhi-
bition of autophalgy.89 c-FLIP(L)-deficient T cells exhibits an
enhanced autophagy. c-FLIP(L) is an important player to regu-
late apoptosis and autophagy in T lymphocytes. The ¢-FLIP can
act to prevent the binding of Atg3 to LC3. Cellular and viral
FLIPs limit the Atg3-mediated step of LC3 conjugation to regu-
late autophagosome biogenesis.*® Anti-apoptotic c-FLIP is a neg-
ative regulator of autophagy. Furthermore, the FLIP-derived
short peptides induce growth suppression and cell death. FLIP-
mediated autophagy controls the regulation of cell death;®° (vi)
p53 co-regulates autophagy and apoptosis. The p53 regulates the
expression of Bcl-2 proteins (e.g., Bax, Bid) and apoptosis-related
gene targets (e.g. Apafl, HSP90 and GRP75).%° p53 thus is a
regulator of cell cycle progression and apoptosis. An activation of
p53 inhibits mTOR activity and regulates its downstream target
such as autophagy. The mechanism by which p53 regulates
mTOR involves the upregulation of AMP kinase.”” p53 and
mTOR signaling machineries can coordinately regulate cell
growth, proliferation, and death. Knockdown or pharmacological
inhibition of p53 can induce autophagy. Different autophagy-
inducers promote the proteasome-mediated degradation of p53
through the HDM2/E3 ubiquitin ligase pathway.”® The deacety-
lation of p53 induces autophagy by reducing the interaction of
Beclin-1 and Bcl-2. The nuclear p53 targeted DRAM pathway
mediates both autophagy and apoptosis.”® Definitive mecha-
nisms that control the cross-talk between autophagy and apopto-
sis remain unknown. Analysis of any single regulatory
component (via siRNA silencing) for

autophagy decline and hallmarks of aging has been known for a
long time and has been carefully studied in livers. The autofluor-
escent pigment lipofuscin is the oldest and simplest biomarker of
declining autophagy and represents undigested material inside
hepatocytes. In livers of aging humans and mice, relative levels of
many autophagy-related genes and their proteins (i.e., Atg7,
Atg5, AtgdB, Beclin-1 and Lamp-2) dramatically
reduced.”*”> Aged liver tissues have a diminished activity of

are

autophagy. Autophagy has been associated with a growing num-
ber of pathological conditions. There is an increased liver injury
in aged mice compared to young mice, which is likely due to the
elevated apoptosis as demonstrated by an enhancement of
capase-3 activity and TUNEL positive cells. For example, Lamp-
2A expression is downregulated in aged livers, which results in
decreased chaperone-mediated autophagy as well as impaired
liver function. When Lamp-2A level of the mouse liver is restored
using an inducible-transgenic technique, the apoptosis is signifi-
cantly decreased in mouse livers and the detoxification rate of
xenobiotics is increased in the aged animal liver.”” Enforcement
of autophagy in aging liver improves hepatic function. Moreover,
ischemia/reperfusion-induced liver injury is much severe in aged
mice. After autophagy activity is increased through an overex-
pression of either Atg4B or Beclin-1, the onset of mitochondrial
permeability transition is blocked and ischemia/reperfusion-
induced liver injury is significantly alleviated.”* Taken together,
the failure of autophagy with aging may be caused by multiple
factors. Energy metabolism is an important initiator (Fig. 3).
Autophagic dysregulation further reinforces the situation. Degra-

its potential to cross-regulate autoph-
agy and/or apoptosis is hard to answer
how these pathways in response to spe-
cific stimuli. Alternative or compensa-
tory mechanisms must be considered.
Thus, an integrative approach is
needed to understand how the entire

Genetic and environmental factors
determine body’s neuroendocrine and
immune response. Oxidative stress in the
aged liver is an important mechanism that
is mediated by cytokines, chemokines, and
reactive oxygen species.

molecular machinery of apoptosis and
autophagy are coordinated to influence
cell fate.
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Figure 3. Pathophysiological role of autophagy in aged livers. The aged liver can be estimated by multi-
ple biomarkers, such as autofluorescent pigment lipofuscin in hepatocytes, an enhancement of hepato-
cyte apoptosis and the increased susceptibility to different etiological factors. Oxidative stress
modulated by genetic and environmental factors is an important mechanism via signaling pathway
mediated by cytokines, chemokines, and reactive oxygen species. Change in energy metabolism that is
regulated by autophagy is an essential initiator.
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dation of autophagosomes relies on fusion with lysosomes that
are key organelles in the aging process due to their involvement
in autophagy and cell homeostasis. Accumulation of defective
mitochondria is critical in the progression of aging. Inefficient
removal of damaged mitochondria by lysosomes represents a
major issue in the aging process. Deficient or impaired autophagy
contributes to aging. Potential mechanisms that result in a failed
autophagy with aging include (a) energy compromise. With
aging, there is a decline in energy demand and production, which
thus result in energetic compromise of the aging cells and the age-
dependent decline in autophagy;’® (b) insufficient activation of
autophagy. The autophagic response needs a full activation or
The

stimulatory effect of glucagon on autophagy is decreased in aged

enhancement by hormone (i.e. glucagon) stimulation.””
animals.”® The glucagon can maintain negative signaling through
the insulin receptor. The insulin signaling is activator of mTOR,
a known repressor of autophagy. The formation of autophago-
somes in old cells may be due to malfunction of glucagon path-
way; (c) negative regulation by insulin receptor. Aging can
potentiate the inhibitory signaling of insulin receptor. Insulin/
IGF-1 signaling is up-regulated via the insulin receptor tyrosine
kinase in aging cells. The insulin/IGF-1 pathway activates
mTOR and inhibits autophagy;”‘ml (d) mitophagy decline.
The turnover of mitochondria via mitophagy is decreased in
aging cells. If mitophagy cannot catch up with the demand for

the clearance of old and damaged mitochondria, high levels of
ROS would damage cell molecules including proteins, mem-
brane lipids, and nucleus DNA.'%*'%% A decline of autophagy
thus is responsible for cell aging via insufficient turnover of dam-
aged mitochondria; (e) fusion deficiency between autophago-
somes and lysosomes. Autophagic vacuoles are accumulated in
the liver with age. This may result from fusion problem between
the autophagosomes and the lysosomes. Autophagosomes are
unable to fuse with lysosomes and further to degrade the seques-
tered conten;'®'% (f) weak function of lysosome enzymes.
Autophagic vacuoles such as lipofuscin-loaded lysosomes are
accumulated in the liver with age.'””'®® This may result from
inactive or weak function of lysosome enzymes with aging.

Modulation of Autophagy Affects the Progression
of Liver Injury

Cells sequester and degrade their own intracellular contents
via autophagy. Owing to high biosynthetic activity and role in
protein and carbohydrate storage, hepatocytes may be particu-
larly dependent on basal autophagy. In the liver, autophagy sup-
presses protein aggregate, lipid accumulation, oxidative stress,
chronic cell death, and inflammation.” Autophagy is targeted for
drug-induced liver injury as demonstrated in acetaminophen

(APAP) overdose (Fig. 4). APAP indu-

ces necrotic liver injury. Rapamycin
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Figure 4. Modulation of autophagy affects the progression of liver injury. Autophagy promotes cell
survival via a series of response to damaged organelles, ER stress, DNA stability, or loss of nutrient and
growth factor signaling pathways. Of note, autophagy can enable and/or antagonize apoptosis. The
coordinate regulation of these opposite effects of autophagy relies upon a complex network of signal
transducers, most of which also participate in non-autophagic signaling cascades.
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effect of efavirenz on cell survival/prolif-
eration and  triggers apoptosis.'”’
Autophagy can selectively degrade lipid

droplets via a  process entitled
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lipophagy.''® Cellular lipids are surrounded by a phospholipid
monolayer in a lipid droplet and generally are stored as triglycer-
ides (T'G). Autophagy can regulate hepatic TG contents as dem-
onstrated by (i) the genetic manipulation of autophagic pathway.
siRNA knockdown of Atg5 enhances TG contents in fatty acid-
treated hepatocytes. Liver-specific Atg7 knockout results in an
increased hepatic TG and cholesterol contents in high-fat fed

. . 110
mice or starved mice;

(ii) pharmacological inhibition of auto-
phagic pathway. Autophagy inhibitor 3-methyladenine rtargets
the mammalian PI3-kinase vps34 and increases TG contents in
hepatocytes cultured with an unsaturated oleic acid.''® Lyso-
somal inhibitor chloroquine raises the lysosomal pH that
represses both fusion of autophagosome with lysosome and lyso-
somal degradation, which also elevates TG contents in hepato-
cytes treated with fatty acids."'"'"? Several potential chemicals
have been used as a pharmacological approach to modulate hepa-
tocyte autophagy in mouse liver. Moreover, many small mole-
cules that mediate autophagy have been conducted to benefit
patients with liver diseases. Pharmacological modulation of
autophagy in the liver can be an effective strategy for improving
alcoholic and nonalcoholic fatty liver diseases.''® Fatty acid-
induced lipotoxicity is also regulated by autophagy and apopto-
sis. Lipotoxicity refers to cellular toxicity in the presence of exces-
sive free fatty acids. Unsaturated oleic acid (OA) can promote the
formation of TG-enriched lipid droplets and induces autophagy
with minimal effects on apoptosis. Saturated palmitic acid (PA),
on the other hand, promotes lipid droplet formation poorly and
suppresses autophagy but significantly stimulates apoptosis. OA-
induced autophagy is independent of mammalian target of rapa-
mycin but dependent on ROS and PI3-kinase. PA-induced apo-
ptosis inhibits autophagy by inducing caspase-dependent Beclin-
1 cleavage, indicating cross-talk between apoptosis and autoph-
agy. There are differential effects of unsaturated and saturated
fatty acid-induced lipotoxicity through the regulation of autoph-
agy and apoptosis."'! Autophagy exerts its role in lipid break-
down by removing lipid droplets. A pharmacological modulation
of autophagic pathway may be an effective approach to alleviate
fatty liver injury. Alcohol consumption causes a series of hepatic
changes including mitochondrial damage, oxidative stress, accu-
mulation of fatty acids and so on. Most of these events can be
regulated by autophagy. Recent studies investigate the role and
mechanisms of autophagy in alcoholic liver disease (ALD). Resul-
tant data indicate the possibility that ALD can be treated through
modulating autophagy.''>!"* Autophagic flux can be suppressed
by bile acids during cholestasis. In the development of cholestatic
liver injury, high concentrations of cytotoxic bile acids (BAs)
induce liver cell death, inflammatory response, and perhaps
tumorigenesis. Autophagic flux is impaired in livers of farnesoid
X receptor (FXR) knockout mice. BAs suppress autophagic flux
in hepatocytes by impairing autophagosomal-lysosomal fusion,
which may be implicated in liver tumorigenesis of FXR knockout
mice.""® Liver tissues from patients with primary biliary cirrhosis
show an increased LC3 expression and p62 positive aggregates in
biliary epithelial cells of small bile ducts.""®'"” Moreover, inclu-
sion bodies or MDBs have been found in patients with primary
biliary  cirrhosis and  primary

sclerosing  cholangitis
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respectively.' %' Elevated levels of cytotoxic BAs play a critical
role in MDB formation. Both cholic acid feeding and common
bile duct ligation result in the formation of MDBs in drug-
primed mice, suggesting that cytotoxic BAs may drive the forma-
tion of MDBs in cholestatic liver disease.''®'*"'** Indeed, liver
MDBs in patients with primary biliary cirrhosis are found in aci-
nar zone 1, where bile acids levels are highest."'” Autophagy as
reflected by LC3/p62 involves the pathogenesis of cholestasis.'*
MDB formation may be resulted from a blockage of autophagic
flux that is inhibited by cytotoxic BAs. In addition, the nutrient
sensing TOR pathway regulates translation and protein synthesis,
which modulates autophagy and aging processes.'** Therefore,
rapamycin and other inhibitors of mTOR may be beneficial to
the prevention of liver injury. Autophagy in response to rapamy-
cin or nutrient limitation can be attenuated in multiple cell lines
subsequent to the treatment of resveratrol, a plant-derived poly-
phenol. The mechanism by which resveratrol suppresses autoph-
agy is due to inhibition of p70 S6 kinase (S6K1) activity.125 An
interaction between resveratrol and S6K1 may be new targets to
develop therapeutic drugs for liver disease.

Dual-Effect of Hepatic Autophagy

Dual role of autophagy is obviously observed during carci-
nogenesis. Autophagy can protect against cancer by removing
damaged organelles, increasing protein catabolism, promoting
cell differentiation, and even inducing cell death of cancerous
cells."”> However, autophagy can also contribute to the
growth of cancer through nutrient recycle and cellular energy
production.'?® Dual effects of autophagy in both tumor sup-
pression and tumor cell survival can cause completely differ-
ent outcomes. When autophagic mechanism is used to design
anticarcinogenic therapeutics, different strategies should be
carried out. The first strategy is to induce autophagy and
enhance its tumor suppression attributes. The second strategy
is to inhibit autophagy and then induce apoptosis.'*” The
functionality of autophagy is closely related to liver patho-
physiology as well. A fast development of steatosis detected
in mouse liver with defective autophagy strongly supports the
contribution of autophagy in the pathogenesis of fatty liver
disease.''” A compromise of hepatic autophagy is the basis
for the accumulation of lipid droplets (LD) upon exposure to
high concentration of ethanol.'* Furthermore, pharmacologi-
cal up-regulation of autophagy reduces hepatotoxicity and
steatosis in alcohol-treated mouse livers."'>"'* The liver
responds to stressful conditions through global activation of
autophagy, selectively to eliminate damaged mitochondria
and accumulated lipid droplets. Especially, upregulation of
hepatic autophagy may be specific for lipophagy in some
instances. The autophagy activation as a protective mecha-
nism can target lipid droplets, which is a primary defense

. 114
steatosis.

against alcohol-induced hepatotoxicity and
Autophagy activation is thus considered as a generalized treat-
ment against steatosis, but the up-regulation of autophagy in

hepatic stellate cells favors their activation and consequently
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initiate liver fibrosis'*® (Fig. 5). On the contrary, an inhibi-
tion of autophagy can lead to the accumulation of lipid drop-
lets in hepatic stellate cells, resulting in apoptosis of hepatic
stellate cells.'*” Future efforts should focus on how selectively
to modulate cell-specific autophagy for therapeutic purpose.
Interestingly, an ability of autophagy-mobilized hepatic lipids
is also utilized by viruses to favor their replication. Usually,
autophagy is an efficient mechanism in the defense against
the most viral infection, but upregulation of autophagy can
favor replication of some viruses, such as dengue virus.
Autophagy-activated by dengue virus mediates LD breakdown
and release of FFA necessary to maintain the high levels of
intracellular ATPs that are required for the replication of
dengue viruses.'?® Further studies are needed to determine
which subset of hepatotropic virus makes use of lipophagy
for their replication and whether the blockage of autophagic
response can be a selective way to prevent virogenesis, but
not hinder normal metabolism of hepatocytes. Autophagy
promotes viral RNA replication of hepatitis C virus (HCV).
There is the transient interaction of Atg5 with NS4B and
NS5B. HCV-induced autophagic membrane can be used as a
compartment for the replication of viral RNA. NS5A, NS5B,
and nascent viral RNA are co-localized with the autophago-
some. The autophagy machinery is required to initiate HCV
replication. Autophagy proteins (i.e., Beclin-1, Atg4B, Atg5,
and Atgl2) are proviral factors for translation of incoming
HCV RNA. In infected hepatocytes HCV infection transcrip-
tionally up-regulates Beclin-1, which forms complex with
Vps34, the class III PI3-kinase, to trigger autophagic
response. HCV infection enhances phospho-mTOR expres-
sion and its downstream target 4EBP1 activation, which in
turn may promote hepatocyte growth.'>' HCV infection up-

regulates expression of Drpl and its mitochondrial receptor.
HCV induces the phosphorylation of Drpl (Ser616) and
causes its subsequent translocation to the mitochondria.
HCV boosts Parkin-mediated elimination of damaged mito-
chondria. Silencing Drpl or Parkin significantly amplifies
apoptotic signaling as demonstrated by cytochrome ¢ release,
caspase 3 activity, and cleavage of poly(ADP-ribose) polymer-
ase. HCV-induced mitochondrial fission and mitophagy serve
to attenuate apoptosis and are potential mechanisms for per-
sistent HCV infection.'”> Autophagy regulates the assembly
of infectious virions. HCV exploits autophagic machinery in
favor of virus growth and survival in host cells.'¥*13% In
addition, HBV- or HBx-induced autophagosome formation is
accompanied by decreased degradation of LC3 and
SQSTM1/p62. HBx impairs lysosomal acidification leading
to a diminishment of lysosomal degradative capacity. More-
over, there is an upregulation of SQSTMI1 and immature
lysosomal hydrolase CTSD in human liver with HBV-associ-
ated liver cancer. HBx protein inhibits autophagic degrada-
tion by impairing lysosomal maturation, and this may be
crucial to the development of HBV-induced HCC.'*
Autophagy suppresses tumorigenesis of HBV-associated HCC
through degradation of microRNA-224 as well.'"*® Autoph-
agy-deficient mice derived from genetic modification develop
multiple liver tumors. The mosaic deletion of Atg5 and liver-
specific Atg7(—)/(—) genes causes a high rate of benign ade-
nomas in mouse liver. These tumor cells originate autophagy-
deficient hepatocytes, showing mitochondrial swelling, p62
accumulation, oxidative stress and genomic damage responses.
Autophagy through a cell-intrinsic mechanism is an impor-
tant mediator for the suppression of tumorigenesis.*” Further-
more, autophagy defect is associated with a poor prognosis of

HCC. The expression of autophagic

Beclin-1 in HCC tissue is down-reg-
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Liver repair
Liver function restoration

Intrinsic factors, i.e.

toxic bile acids, FFA,
and genetic trait
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ulated as compared with adjacent
non-tumor tissues. There is a signifi-
cant correlation between Beclin-1
expression and tumor differentiation
in Bcl-x;(4+) but not in Bcl-x;(—)

HCC patients. The expression of

%

Medical treatment
Liver repair
Liver function restorafion,

Beclin-1 is also positively correlated
with disease-free survival and overall
survival in the Bcl-xi(+) group.48
Autophagy has roles in various cellu-
lar functions, but sometimes modu-
lates them in 2 opposite directions.
An enhancement of autophagy pro-
survival

motes hepatocyte during

liver injury, whereas the activating

effect of autophagy in hepatic stellate
cells favors fibrogenesis. Autophagy

Figure 5. Dual-effect of hepatic autophagy. The dual roles of autophagy are obviously observed in can-
cer development and liver fibrosis. Autophagy can serve either to promote cell/tumor survival at certain
stages, or to stimulate its elimination at other stages. Autophagy activation is beneficial for hepatocyte
proliferation and liver repair, but the upregulation of autophagy in hepatic stellate cells favors their acti-
vation and consequently initiates fibrogenesis.
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participates in hepatitis virus infec-
tion and replication, yet its role still
is inconsistent between HCV and
HBYV. Although defects or suppres-
sion of autophagy is identified in
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HCC, a dual effect of autophagy for cancer cells has to be
considered while novel therapeutic targets are chosen.

Summary and Future Study

Autophagy as a self-digestive program is a lysosomal degrada-
tion process that regulates organelle and protein homeostasis and
serves as a cell survival mechanism under a variety of stress condi-
tions. It provides an essential means of refreshing and remodeling
cells. As such, it is required for normal development, metabolic
homeostasis, and prevention of degenerative disease. Once stress-
ful stimuli occur, autophagy may contribute to relevant resil-
iency. Thus, both activation and inhibition of autophagy hold
promise for the improvement of related clinical diseases. Autoph-
agy modulates the progression of liver injury. Cross-talks between
autophagy and apoptosis play an important role during

pathogenesis of liver disease. According to the known evidence, a
regulation of autophagic pathway can be an effective approach to
deal with liver disease. However, there are a number of standing
questions that deserve immediate attention. How to target the
autophagic machinery selectively? How to overcome dual-effect
of hepatic autophagy? What determines the threshold of autoph-
agy to switch from a survival mechanism to autophagic cell
death? In a general context, is up-regulation of autophagy protec-
tive against all types of liver injury? These questions need time to
get answers. There is ample evidence that liver-specific targeting
of autophagic process can be a novel therapeutic intervention
against liver disease.
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