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Abstract

Acetaminophen (APAP) overdose is the most frequent cause of acute liver failure in the United
States and many other countries. Although the metabolism and pathogenesis of APAP has been
extensively investigated for decades, the mechanisms by which APAP induces liver injury are
incompletely known, which hampers the development of effective therapeutic approaches to tackle
this important clinical problem. Autophagy is a highly conserved intracellular degradation
pathway, which aims at recycling cellular components and damaged organelles in response to
adverse environmental conditions and stresses as a survival mechanism. There is accumulating
evidence indicating that autophagy is activated in response to APAP overdose in specific liver zone
areas, and pharmacological activation of autophagy protects against APAP-induced liver injury.
Increasing evidence also suggests that hepatic autophagy is impaired in nonalcoholic fatty livers
(NAFLD), and NAFLD patients are more susceptible to APAP-induced liver injury. Here we
summarized the current progress on the role and mechanisms of autophagy in protecting against
APAP-induced liver injury.
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Introduction

Acetaminophen (APAP) is one of the most widely used antipyretic and analgesic drugs in
the United States (US). It is reported to be regularly consumed by over 60 million
Americans on a weekly basis (1). Though it is safe at therapeutic doses, an overdose can
cause severe liver injury and even acute liver failure (ALF) in experimental animals and in
humans. The United States Food and Drug Administration (FDA) recommended dose of
APAP for adults is 650 to 1,000 mg every 4 to 6 hours, not to exceed 4g (possibly to 3,250
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mg) every 24 hours. In children, the dose is 10 to 15 mg/kg orally or rectally every 4 to 6
hours, up to 5 doses (or 50 to 75 mg/kg) in 24 hours. Consumption at this dose generally
does not yield any toxic effects, and toxicity develops at 7.5 to 10 g/day, or 140 mg/kg (2).
Due to the ubiquitous nature and broad availability of the drug, APAP overdose has been the
most frequent cause of ALF in the US and other western countries, the second most
common cause of liver transplantation worldwide and the most common in the US. Overall,
APAP overdose is responsible for 56,000-80,000 emergency department visits, 26,000—
34,000 hospitalizations, and an estimated 500 deaths per year in the US (3-6).

APAP metabolism and hepatotoxicity

The mechanisms that underlying APAP-induced liver injury have been extensively studied
(7-11). At therapeutic doses, the majority (approximate 90%) of APAP is mainly
metabolized via Phase-II reactions (glucuronidation and sulfation) and excreted into urine
via the kidneys. The rest, approximately 10% is further metabolized by cytochrome P450
enzymes, predominately cytochrome P450 2E1 (CYP2EL) and CYP1AZ2, to form a reactive
metabolite, A-acetyl-p-benzoquinone imine (NAPQI). The highly reactive NAPQI further
rapidly conjugates with hepatic glutathione (GSH) and is excreted into the bile without
obvious harmful effects on hepatocytes. However, following overdose of APAP, both
glucuronidation and sulfation pathways are saturated, and excessive NAPQI generation
depletes intracellular and mitochondrial GSH within the liver. The remaining NAPQI then
reacts and forms covalent links with cellular biological macromolecules, especially proteins,
resulting in mitochondrial damages and necrotic cell death. When NAPQI links with
proteins via their cysteine residues, APAP-protein adducts (APAP-AD) are formed.
Mitochondrial proteins are significant targets of NAPQI, and APAP binds more frequently to
mitochondrial proteins when compared to the non-hepatotoxic regioisomer 3’-
hydroxyacetanilide (AMAP) in mouse liver (12). However, in human hepatocytes, AMAP
can be hepatotoxic and its hepatotoxicity correlated with formation of mitochondrial protein
adducts and compromised mitochondrial function (13). Subsequently, Bax (a pro-apoptotic
Bcl-2 family protein) translocates to mitochondria to trigger the release of mitochondrial
intermembrane proteins such as apoptosis-inducing factor (AlF) and endonuclease G to
further induce nuclear DNA fragmentation. However, Bax seems to be important only for
the early phase of APAP-induced necrosis (14). c-jun N-terminal kinase (JNK) and
phosphorylated JNK are also recruited to mitochondria by SH3 homology associated BTK
binding protein (Sab, or SH3BP5), an outer mitochondrial membrane protein, which further
potentiates mitochondrial damage and necrosis (15). However, it remains to be determined
whether formation of mitochondrial adducts plays a causal role in APAP-induced Bax and
JNK mitochondrial translocation (14). Furthermore, specific targets in the mitochondria,
including glutathione peroxidase (GPx) and the alpha subunit of adenosine triphosphate
(ATP) synthase, are identified as APAP-adducts using proteomic analysis (16). However, it
also remains unclear whether these mitochondrial adducts would directly impair
mitochondrial functions and contribute to hepatocyte necrosis. It should be noted that the
above mentioned factors such as Bcl-2 family proteins and JNK activation are also important
mediators for apoptosis. The lack of apoptosis in wild type mouse livers after APAP is
generally thought due to the severe mitochondrial damage and depletion of ATP, which
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prevents the activation of caspases whose activation often relies on cellular ATP. The lack of
relevance of apoptosis in APAP-induced hepatotoxicity is further supported by the evidence
that the pan-caspase inhibitor did not improve APAP-induced liver injury (17). It should be
noted that a small amount of apoptosis was observed in certain genetic knockout (KO)
mouse strains such as syndecan-1, liver specific Atg7 or Atg5 knockout mice (18-20). The
apoptosis observed in these KO mice could be due to the secondary effects as a result of the
deletion of the gene in the liver such as the activation of Nrf2 in liver-specific Atg5 KO mice
(19). Therefore it should be cautious to interpret data obtained from gene KO mice in APAP-
induced liver injury. Consistent with the mouse studies, neither the active form of caspase 3
protein nor an increase in caspase 3 activity could be detected in samples from APAP
overdose patients, even though full length caspase 3 was present (21). Collectively current
evidence does not support a relevance of apoptosis in APAP-induced liver injury.

While there is compelling evidence to suggest that APAP induces hepatocyte necrosis, some
recent findings support that receptor interacting protein (RIP)-mediated necroptosis may also
be involved in APAP-induced liver injury despite it is still controversial (22-25).
Necroptosis is regulated by RIP1-RIP3-MLKL (mixed lineage kinase domain-like protein)-
mediated necrotic cascade (22, 26-28). RIP1 and RIP3 interacts with each other via their
RIP homotypic interaction motif (RHIM) to form an amyloid-like structure termed the
necrosome. The necrosome is stabilized by phosphorylated RIP1 and RIP3. Activated RIP3
then recruits and phosphorylates downstream MLKL protein. Phosphorylated MLKL
translocates and oligomerizes at plasma membranes resulting in membrane rupture and
necrosis (29, 30). We demonstrated that pharmacological inhibition of Drpl (a
mitochondrial fission protein) or RIP1 delayed APAP-induced cell death in primary cultured
hepatocytes. RIP3 KO mice have decreased early phase APAP-induced liver injury (24).
However, in another study, no protection against APAP-induced liver injury was observed in
RIP3 and MLKL KO mice but instead only knockdown of RIP1 using an antisense approach
protected against APAP-induced liver injury (31). Mechanistically, knockdown of RIP1
decreased mitochondrial translocation of INK and Drpl (31). However, liver-specific RIP1
KO mice, generated by crossing RIP1 flox/flox mice with albumin cre mice, did not show
protection against APAP-induced liver injury (23). It is likely that the mouse strain and
techniques used to manipulate RIP1/3 may account for these controversial findings. For
example, C57bl/6J mice were used as wild type controls for RIP3 KO mice in
Ramachandran et al studies(24), whereas C57bl/6N mice were used as wild type controls for
RIP3 KO mice in Dara et al studies (31). The relevance of necroptosis in APAP-induced
hepatocyte injury remains to be further elucidated.

Autophagy

Macroautophagy (hereafter referred to as autophagy) is an evolutionarily conserved
degradation pathways for cytosolic macromolecules and damaged/excess organelles.
Autophagy starts from the formation of a transient double-membrane structure, the
phagophore. Following the expansion and closure, the phagophore becomes a complete
autophagosome. Autophagosomes then fuse with lysosomes to form autolysosomes where
the enwrapped contents are degraded by lysosomal enzymes (32—34). In mammalian cells,
the initiation of autophagy requires the formation of the Unc-51 like autophagy activating
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kinase 1 or 2 (ULK1 or ULK2, hereafter we only refer to ULK1) kinase complex at the
phagophore assembly site (PAS) to allow the recruitment and activation of other Atg
proteins. The ULK1 kinase complex is the most upstream component of the core autophagy
machinery that is composed of ULK1, Atg13, RB1CC1/FIP200 (RB1-inducible coiled-coil
1) and C120rf44/Atg101 (35). ULK1 interacts with Atg13, which directly binds to FIP200
and mediates the interaction between FIP200 and ULK1. The activity of ULK1 kinase
complex is regulated by both mechanistic target of rapamycin complex 1 (mTORC1) and the
AMP-activated protein kinase (AMPK). When nutrients are sufficient, mMTORCL1 is activated
and negatively regulates autophagy by directly phosphorylating ULK1 (S757) and inhibiting
its activity (36, 37). In contrast, when cells suffer from insufficient energy, AMPK is
activated and phosphorylates ULK1 at different sites (§317, S467, S555, T574, S637 and
S777) and activates ULK1 to promote autophagy (38—40). Once activated, ULK1 further
phosphorylates Beclinl on S14 (41). Beclinl is a component of the autophagy-promoting
class 111 phosphoinositide 3-kinase (Ptdins3K) complexes, which also contains Atg14L,
p150 and the class-111 PI3 kinase VPS34 (42). The PtdIns3K complex is responsible for the
production of phosphatidylinositol-3-phosphate (PtdIns3P) directly from
phosphatidylinositol (43). This Ptdins3P serves as a landmark on the membrane to recruit
other factors, such as Atg18, involved in the process of autophagosome formation (44). After
the activation of PtdIns3K complex, phagophore expands and elongates by membrane
addition, which is accomplished by two essential ubiquitin-like (Ubl) conjugation systems,
which involve the Ubl proteins Atg12 and microtubule-associated protein light chain 3
(LC3) (45). In the ubiquitin system, Atg12 is first activated by an E1-like enzyme, Atg7.
Subsequently, Atg12 is transferred to an E2-like conjugating enzyme, Atgl10, and further
binds to Atg16L1 to form the Atg12-Atg5-Atg16L1 complex. Nascent LC3 is first processed
by a protease, Atg4, to expose its C terminus glycine, which is called LC3-I form that
resides in the cytosol. LC3-1 is then further activated by E1-like enzyme, Atg7, then
transferred to an E2-like conjugating enzyme, Atg3. Finally, LC3 conjugates with PE to
form a membrane associated LC3-11 form, with the Atg12-Atg5-Atgl6L1 complex
participating as an E3-like ligase. In addition, Atg9-mediated cycling systems containing the
core protein Atg9, Atg2 and WIPI1/2 contributes to the elongation of the phagophore (46).
Atg9 is thought to participate in membrane delivery from donor sources, such as the trans-
Golgi network or late endosomes, to the expanding phagophore. The movement of Atg9 is
dependent on the activity of the ULK1, PtdIns3K, and mitogen-activated protein kinase 14
(MAPK4/p38) (47). Eventually, the expanding membrane closes around its cargo to form a
complete autophagosome. Autophagosomes move along microtubules in a dynein motor-
dependent manner and cluster closed to the microtubule-organizing center near the nucleus,
where they fuse with lysosomes to form autolysosomes. The mechanism that controls the
timing of fusion remains unknown. UVRAG, which is part of the PtdIns3K complex,
activates the GTPase Rab7, which promotes fusion with lysosomes (48, 49). Other
components of the SNARE (soluble NSF [N-ethyl-maleimide-sensitive fusion protein]
attachment protein receptor) family proteins, such as VAMP7, VAMP8, VAMP9 and STX17/
syntaxin 17, are also implicated in fusion of autophagosomes with lysosomes (50-52).
LAMP-2, a lysosomal membrane protein, is also required for the fusion of autophagosomes
with lysosomes. Lack of LAMP-2 prevents the localization of STX17 and SNAP-29 on the
autophagosomes resulting in defective fusion of autophagosomes with lysosomes (53). After
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the sequestered cargo is delivered inside the lysosome, it is broken down by resident
hydrolases of the lysosome and the resulting macromolecules are released back into the
cytosol as new energy sources and building blocks for cell survival (Figure 1). In addition to
providing new building blocks and energy sources, autophagy also helps to remove damaged
organelles such as mitochondria as another important mechanism for cell survival.

Autophagy in APAP-induced liver injury

Since damaged mitochondria and ATP depletion are critical factors for APAP-induced
hepatocyte necrosis, it is reasonable to hypothesize that autophagy may be an important
protective mechanism against APAP-induced liver injury because autophagy can help to
remove damaged mitochondria and also provide energy fuel for ATP production. Using
GFP-LC3 transgenic mice, we demonstrate that APAP administration increased the number
of GFP-LC3 positive autophagosomes in the liver pericentral areas (54). Further careful
electron microscopy analysis, we further defined an unique zonated pattern of biochemical
and pathological changes in APAP-treated mouse livers, including necrosis (zone 1),
mitochondrial spheroid formation (zone 2), autophagy (zone 3) and mitochondrial
biogenesis (zone 4) (55). Increased autophagosomes often occur adjacent to the necrotic
areas, which perhaps act as a defense barrier to restrict the expanding of the necrosis to the
relatively normal liver zone areas. Increased autophagy protects against APAP-induced liver
injury was subsequently confirmed by several other groups (56-58). For instance,
administration of adiponectin protects against APAP-induced hepatotoxicity by activating
AMPK and ULK11-mediated autophagy (56). Kriippel-like factor 6 (KLF6), a transcription
factor and tumor suppressor, has been shown to transcriptionally up-regulate Atg7 and
Beclinl and protects against APAP-induced liver injury (57). Acid sphingomyelinase
(ASMase) KO mice have increased lysosomal cholesterol accumulation and impaired
autophagy, which are more susceptible to APAP-induced liver injury (58).

Mechanistically, APAP inhibits mTOR activity in primary hepatocytes (54). APAP may
inhibit mMTORC1 activity through increased generation of mitochondrial ROS and decreased
cellular ATP levels, leading to AMPK-ULK1 activation and autophagy induction.
Pharmacological induction of autophagy by rapamycin or torinl protects against, while
inhibition of autophagy by 3-Methyladenine (3-MA), chloroquine (CQ) or leupeptin further
exacerbates APAP-induced necrosis and liver injury (54, 59). However, results from genetic
autophagy-deficient mouse models yield conflicting results for APAP-induced liver injury
likely due to compensatory effects in these autophagy-deficient mouse livers (19, 20, 60).
Nevertheless, emerging evidence indicates that autophagic removal of damaged
mitochondria (via mitophagy) and APAP-AD play critical roles in protecting against APAP-
induced liver injury, which is discussed in detail below.

Mitophagy

One of the key mechanisms to timely removal of damaged mitochondria is a specific form of
autophagy termed as mitophagy. Among the signaling pathways that are responsible for
mitophagy, phosphatase and tensin homolog (PTEN)-induced kinase 1 (PINK1)/Parkin
pathway is so far the best characterized. In healthy mitochondria, PINK1, a mitochondrial
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serine/threonine kinase, is imported through the outer membrane via the translocase of
mitochondrial membrane (TOM) complex and the inner mitochondrial membrane via the
TIM complex. PINKZ1 then is first processed by the matrix processing peptidase (61) and
cleaved by the inner mitochondrial membrane protease PARL (62—-64). This new truncated
form of PINK1 is released into the cytosol for N-end recognition and degraded by the
proteasome (65). When mitochondria are damaged and depolarized, PINK1 is no longer
imported into the inner membrane or cleaved by PARL resulting in its accumulation on the
outer mitochondrial membrane (66—68). PINK1 then phosphorylates Ser65 on ubiquitin and
Ser65 within Parkin’s UBL domain that leads to the recruitment and tethering of Parkin to
mitochondria. PINK1-mediated Ser65 phosphorylation of ubiquitin also markedly enhances
Parkin E3 ligase activity resulting in greater Parkin-induced outer mitochondrial membrane
protein ubiquitination (69). Parkin ubiquitinates a variety of outer mitochondrial membrane
proteins including the mitochondrial fusion proteins mitofusin 1 (Mfn1) and Mfn2, the
mitochondrial trafficking protein Mirol, the TOM20, and the voltage-dependent anion
channel (VDAC). Degradation of Mfn1/Mfn2 causes mitochondrial fragmentation, which
may further facilitate mitophagy since smaller mitochondria are likely more readily to be
engulfed by autophagosomes (70-73). Ubiquitination and degradation of Mirol leads to
mitochondrial arrest, which can separate damaged mitochondria from healthy mitochondria
to facilitate the engulfment of damaged mitochondria by autophagosomes (74).

Several receptor proteins including SQSTM1/p62, optineurin, NDP52, Nix, Bnip3, Fundcl
and prohibitin 2 have been reported to act specifically for mitophagy in a Parkin-dependent
or independent manner (75-78). These mitophagy receptor proteins may be redundant and
can compensate for each other. Therefore, loss of one receptor protein may not necessarily
lead to a severe mitophagy defect. In addition, the importance of each of these receptor
proteins in mitophagy may also be context- and cell type-dependent (79, 80).

Interestingly, mitophagy can also be induced via Parkin-independent pathways. Parkin-
independent mitophagy may be mediated by other E3 ubiquitin ligases such as Smurfi,
March5, or Mule. Parkin-independent mitophagy may also occur via Bcl2/adenovirus E1B
19 kDa interacting protein 3 (Bnip3), Fun 14 domain containing 1 (Fundcl), Nix, Bcl2L13,
cardiolipin, or Ambral (81). In addition, PINK1 can directly recruit NDP52 and optineurin
to mitochondria independent of Parkin (80). PINK1 also activates tank binding kinase 1
(TBK1), which then phosphorylates adaptor proteins optineurin, NDP52, and p62 on
depolarized mitochondria. Phosphorylated optineurin and p62 have enhanced binding
affinity to LC3 and thus enhances recruitment of autophagosomes to mitochondria (79).
However, in the absence of Parkin, PINK1 only leads to the induction of a low level of
mitophagy. In the presence of Parkin, PINK1-generated phospho-ubiquitin serves as the
autophagy signal on mitochondria that further brings Parkin to mitochondria to trigger
robust and rapid mitophagy induction (69).

We recently demonstrated that APAP administration increases Parkin translocation to
mitochondria with concurrent increased ubiquitination of mitochondrial proteins and
mitophagy induction in mouse livers (82). Unexpectedly, we found that Parkin KO mice are
resistant to APAP-induced liver injury (81). Several possible mechanisms may help to
explain these contradictory findings. First, mitophagy still occurs in Parkin KO mouse livers
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although to a lesser extent after APAP administration compared with wild type mice. These
results imply that PINK1-mediated mitophagy may occur in the Parkin KO mouse livers
after APAP treatment. Indeed, we recently generated PINK1/Parkin double KO mice and we
found that mitophagy markedly decreased in PINK1/Parkin double KO mouse livers after
APAP treatment (83). More importantly, PINK1/Parkin double KO mice were more
susceptible to APAP-induced liver injury (83). Second, it is possible that some mitophagy
receptor proteins such as SQSTM1/p62, Nix, Bnip3 and Fundcl may directly recruit the
autophagy machinery to mitochondria independent of PINK1 and Parkin. However, none of
these receptor proteins have yet been examined in APAP-induced mitophagy. Third, other
ubiquitin E3 ligases such as March5, Mule and Smurfl could also be involved in APAP-
induced mitochondrial protein ubiquitination and mitophagy, which yet remains to be
investigated. Fourth, APAP-induced dysfunctional mitochondria may also be removed via
formation of an autophagosome-like structure that is derived from damaged mitochondria,
which we termed as “mitochondrial spheroids” (84, 85). However, whether mitochondrial
spheroids may degrade mitochondria themselves remains unknown. Mitochondrial spheroids
only occur in the pericentral zone area adjacent to the necrotic areas in APAP-treated mouse
livers (55), which may serve as an alternative mechanism to remove APAP-induced damaged
mitochondria. Fifth, Parkin KO mice have decreased JNK activation but have increased
myeloid leukemia cell differentiation protein (Mcl-1) expression as well as increased
hepatocyte proliferation in their livers after APAP treatment. All these compensatory effects
are blunted by acute knocking down of Parkin in mouse livers. As a result, mice with acute
knockdown of Parkin in the livers become more susceptible to APAP-induced liver injury.
These results not only emphasize the important role of Parkin in APAP-induced mitophagy
and liver injury but also raise concerns on the interpretation of data using the chronic
deletion and acute knockdown of Parkin in APAP-induced liver injury in mice. Taken
together, despite of the evidence supporting a role of mitophagy in protecting against APAP-
induced liver injury, future works are needed to identify the mitophagy receptor proteins and
potential Parkin-independent pathways in APAP-induced mitophagy and liver injury.

Removal of APAP-adducts by autophagy

As discussed above, APAP can form APAP-AD in hepatocytes in both mice and humans
(86). APAP-AD has also been detected in mitochondria and may contribute to APAP-
induced mitochondrial dysfunction and subsequent oxidant stress (13, 16). Therefore, timely
removal of APAP-AD may help to attenuate APAP-induced mitochondrial damage to
maintain normal mitochondrial function and provide sufficient ATP. These are critical
processes necessary for the recovery of mice and humans from APAP intoxication (87, 88).
Despite the importance of APAP-AD formation, the mechanisms by which hepatocytes
remove APAP-AD has been largely unknown. We recently provided compelling evidence to
show that autophagy helps to remove APAP-AD in hepatocytes. First, APAP-AD displayed a
punctate peri-nuclear pattern in hepatocytes, which are co-localized with GFP-LC3 puncta
and lysosome-associated membrane protein 1 (Lamp1l), an autophagosome and a lysosome
marker, respectively (59). Second, purified hepatic autophagosomes and autolysosomes
contained APAP-AD, and the levels of autophagosome-enwrapped APAP-AD increased in
the presence of the autophagy inhibitor CQ. Third, pharmacological inhibition of autophagy
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by leupeptin increased the serum levels of APAP-AD. Fourth, leupeptin dramatically
increased the levels of detergent insoluble APAP-AD. Since detergent insoluble protein
aggregates are mainly cleared by autophagy, these findings further support a role of
autophagy in the removal of APAP-AD. Finally, APAP-AD are associated with the
autophagy receptor protein p62 and knockdown of p62 leads to impaired clearance of
APAP-AD and increase APAP-induced hepatotoxicity (59). Taken together, these findings
suggest that autophagy may protect against APAP-induced liver injury by removing APAP-
AD.

Autophagy regulates GSH biosynthesis and JNK activation

As discussed above, despites its highly reactive nature, NAPQI can be detoxified by
conjugating with GSH. It has been well documented that the covalent binding between
NAPQI and cellular proteins is highly correlated with APAP-induced cytotoxicity.
Therefore, the regulation of the intracellular GSH levels via its biosynthesis is a critical
factor for APAP-induced hepatotoxicity. Because of this, N-acetylcysteine (NAC), a
precursor of GSH, has been the primary antidote for APAP overdose for several decades.
The first step of GSH synthesis involves the formation of -y-glutamylcysteine from
glutamate and cysteine catalyzed by glutamate-cysteine ligase (GCL, also known as -y-
glutamylcysteine synthetase), which is the rate-determining step of the GSH synthesis
pathway. The second step involves the addition of glycine to -y-glutamylcysteine to yield
GSH catalyzed by GSH synthetase (GS).

Nnuclear factor (erythroid-derived 2)-like 2 (NFE2L2 or Nrf2) is a transcription factor
responsible for regulation of gene expression of GSH biosynthesis and other antioxidant
genes, which plays a critical role in protecting against APAP-induced liver injury (89, 90).
Nrf2 can be activated via the “canonical” and “non-canonical” pathway. For canonical Nrf2
activation, under normal conditions, Keapl (Kelch-like ECH-associated protein 1) recruits a
Cullin 3-Ring Box Protein 1 E3 ubiquitin ligase complex to Nrf2 resulting in the
ubiquitination and proteasomal degradation of Nrf2 (91, 92). In response to oxidative/
electrophilic stress, the cysteine residue (C151) of Keapl is oxidized resulting in the
disruption of Keapland Nrf2 interaction and subsequent stabilization of Nrf2. Nrf2 then
enters nuclei to heterodimerize with small musculoaponeurotic fibrosarcoma (SMAF)
proteins and binds to the antioxidant response element (ARE) of target genes to activate
their transcription (91).

Increasing evidence indicates that Nrf2 can also be activated by the non-canonical pathway
through SQSTM1/p62, an autophagy substrate protein that generally accumulates in cells
with impaired autophagy (19, 93, 94). p62 directly interacts with Keapl and in turn releases
Nrf2 from Keapl resulting in Nrf2 accumulation and activation (95, 96). p62 itself is a target
gene of Nrf2 (97), implying that a positive feedback loop exists within the p62/Keap1/Nrf2
axis. Moreover, serine 349, located at KIR (keapl interacting region) of p62, is
phosphorylated under stress conditions by mTORC1, and phosphorylated p62 has higher
affinity for Keapl resulting in higher Nrf2 activation (98). Since autophagy generally
degrades p62, inhibition of autophagy would lead to the accumulation of p62 and subsequent
Nrf2 activation. Indeed, liver-specific Atg5 KO have increased hepatic p62 protein and
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persistent Nrf2 activation (19, 94). The mRNA and protein levels of GCLC, GCLM and
NQOJU, are all upregulated in liver-specific Atg5 KO mice. As a result, these mice also have
higher basal GSH levels and faster recovery of hepatic GSH after its depletion by NAPQI
and are resistant to APAP-induced liver injury (19). These results indicate that activation of
the p62-Keapl-Nrf2 axis plays a protective role against APAP-induced liver injury.

Contrary to our report, it was reported by Igusa et al that APAP-induced liver injury was
enhanced in liver specific Atg7 KO mice, accompanying with increased cleavage of caspase
3/7, ROS production, mitochondrial membrane depolarization, and JNK activation (20). In
contrast to use albumin cre mice, Igusa Y et al injected polyinosinic acid-polycytidylic acid
(p1pC) to eliminate Atg7 in mouse livers. plpC may trigger immune response and also affect
P450 enzyme activities (60), which may explain why increased apoptosis was observed after
APAP treatment in these Atg7 KO mice. As discussed above, APAP mainly induces
hepatocyte necrosis but not apoptosis in both mice and humans. Therefore, the relevance of
these findings from Atg7 KO mice by lgusa et al is questionable (60).

More recently, Sun et al found that ULK1/ULK2 double KO mice are also resistant to
APAP-induced liver injury. Surprisingly, ULK1/ULK2 double KO mice have intact hepatic
autophagy and therefore no p62-mediated Nrf2 activation was found in ULK1/ULK2 double
KO mice (99). Instead, ULK1 is required for the maximum activation hepatic JINK in
response to APAP treatment. Mechanistically, APAP inhibits mMTORC1 resulting in the
release of activated ULKZ1, which then directly phosphorylates and increases the kinase
activity of mitogen-activated protein kinase kinase 4 and 7 (MKK4/7), the upstream kinases
and activator of INK. Liver-specific ULK1/ULK2 double KO mice have impaird APAP-
induced JNK activation and are thus resistant to APAP-induced liver injury (99). Taken
together, it seems that chronic inhibition of autophagy may lead to compensatory non-
canonical activation of Nrf2 and protects against APAP-induced liver injury. In addition,
some autophagy proteins such as ULK1 may regulate JINK activation and APAP-induced
liver injury independent of its autophagy function.

Autophagy and nonalcoholic fatty liver disease in APAP hepatotoxicity

Obesity and nonalcoholic fatty liver disease (NAFLD) is an increasing health problem
worldwide. NAFLD is characterized as the accumulation of lipid droplets in hepatocytes and
is a leading cause of chronic liver disease in US and other western countries (100). The
prevalence of NAFLD has been estimated to occur in more than 20% of adults in general
and more than 30% in US (100). NAFLD can further progress to nonalcoholic
steatohepatitis (NASH) with increased inflammation, hepatocyte death and ballooning as
well as fibrosis, ultimately leading to cirrhosis and liver cancer. Hepatic autophagy is
impaired in both genetic and diet-induced obese mice, which is associated with endoplasmic
reticulum stress and down-regulated autophagy proteins (101). In obese human livers and
diet-induced obese mouse livers, S-nitrosoglutathione reductase (GSNOR), a major protein
denitrosylase, is impaired resulting in increased S-nitrosylation of lysosomal proteins in the
liver and impaired autophagic-lysosomal degradation (102). Overexpression of autophagy
proteins or pharmacological activation of autophagy improves insulin resistance and hepatic
steatosis in diet-induced NAFLD (101-103).
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Results from both clinical human and experimental animal studies generally suggests that
NAFLD may promote APAP-induced liver injury although some conflicting observations
also exist (104). Several clinical studies revealed that NAFLD patients may have a higher
risk of APAP-induced hepatotoxicity but not obesity itself (105, 106). However,
experimental evidence from rodents yields mixed conclusions. While rats fed with a high fat
diet are more susceptible to APAP-induced liver injury, obese Zucker fa/fa rats that have the
leptin receptor gene mutation are resistant to APAP-induced liver injury (107, 108). Female
db/db mice (with leptin receptor gene mutation) are also more susceptible to APAP-induced
liver injury whereas female ob/ob mice (with leptin gene mutation) show the same
sensitivity to APAP-induced liver injury (109). Induction of hepatic Cyp2E1 has been
frequently observed in NAFLD, which may be linked to the increased APAP hepatotoxicity.
However, not all studies mentioned above determined the activity of hepatic Cyp2E1 except
one study reported that Cyp2E1 activity increased in female db/db but not in ob/ob mice
(109), which seems to correlate with their sensitivity to APAP-induced liver injury. The use
of female mice and rats in these studies could also be a problem because it is known that rats
and female mice are generally resistant to APAP-induced liver injury (110, 111). In addition,
the possible role of autophagy in NAFLD and APAP-induced liver injury has not been
studied in these studies. Therefore, it will be interesting to study whether improve impaired
hepatic autophagy in NAFLD by pharmacological autophagy activators would attenuate
APAP-induced liver injury in the future.

Autophagy and sterile inflammation in APAP hepatotoxicity

After an APAP overdose, cell necrosis can lead to release of local damage-associated
molecular patterns (DAMPSs) including mitochondrial DNA (21), nuclear DNA fragments
(112), high mobility group box 1 (HMGBL1) (113, 114), uric acid (115), adenosine
triphosphate (ATP) (116), and many other cellular constituents (117). These DAMPs cause
the transcriptional activation of inflammatory cytokines in macrophages through Toll-like
receptors (TLRs) and inflammasome activation (118-120). Stimulation of TLR9 by DNA
fragments during APAP-induced cell death can lead to the transcriptional activation of the
IL-1B gene resulting in the formation of pro-1L-1p (121). The pro-form of IL-1p is then
cleaved by activated caspase-1 to yield the active cytokine (122). Caspase-1 activation is
regulated by the assembly of the inflammasome, which consists of NLRP3 (NACHT, LRR,
and pyrin domain-containing protein 3), ASC (apoptosis-associated speck-like protein
containing a CARD), and Pro-caspase-1 (123, 124). This NLRP3 inflammasome can be
activated by a wide range of stimuli that include both pathogenic microorganisms and
endogenous mediators, such as ROS, mitochondrial DAMPs and ATP, crystalline structures
(eg, uric acid) and other fibrillar proteins (eg, p-amyloid fibrils) and environmental irritants
(eg, silica, alum) (124, 125). It has been generally hypothesized that sterile inflammation
and perhaps inflammasome activation may contribute to a second phase of injury during
APAP intoxication (11, 120). However, the role of inflammation in APAP-induced liver
injury is still controversial and has been extensively reviewed recently (11, 120).

Saitoh et al. reported that autophagy can negatively regulate inflammasome activation (126).
Deletion of Atg16L1 leads to increased caspase-1 activation and production of IL-1f and
IL-18 in macrophages after LPS stimulation. Treatment with autophagy inhibitor 3-MA or
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genetically inhibition of autophagy (Atg7, LC3B or Beclinl deficiency), significantly
enhanced IL-1p production in response to inflammasome inducers (127, 128). In contrast,
TLR- or rapamycin-induced autophagy leads to reduced amount of pro-IL-1p (129). The
regulation of inflammasome activation by autophagy can occur in multiple ways, through
either removal of endogenous inflammasome activators or removal of inflammasomes and
their downstream cytokines directly. Autophagy directly sequesters and degrades
ubiquitinated-inflammasomes and pro-IL-1p molecules or indirectly lowers endogenous
sources that induce inflammasome formation, such as mitochondrial ROS and DNA (130).
Autophagy selectively removes APAP-induced damaged mitochondrial by mitophagy and
decreases ROS production in hepatocytes, which might subsequently inhibit inflammasome
activation. However, the contribution of autophagy-mediated inflammasome inactivation in
APAP-induced liver injury remains to be studied.

Clinical Relevance of autophagy in acetaminophen-induced liver injury in

humans

Accumulating evidence now indicates that the key hepatotoxic mechanisms and signaling
pathways discovered in mice are also true in APAP overdosed humans. While direct
evidence from APAP overdosed human livers/biopsies is not available, experimental data
from primary cultured human hepatocytes and metabolic competent HepaRG cells support
the notion that APAP triggers hepatotoxicity via similar mechanisms in human cells and
mice. For example, the formation of APAP protein adducts, depletion of GSH,
mitochondrial damage and JNK activation that observed in mouse livers and primary mouse
hepatocytes are also reproducible in human hepatocytes (13, 131, 132). We also found that
APAP increased autophagic flux in primary cultured human hepatocytes (59). Moreover,
pharmacological inhibition of autophagy increased levels of APAP protein adducts and
APAP-induced necrosis in human hepatocytes (59). These data may imply that the protective
effects of pharmacological activation of autophagy against APAP-induced liver injury in
mice may also be true in humans. Clinical trial studies using pharmacological autophagy
activators such as mTOR inhibitor Torin 1 in APAP overdose patients will be an exciting
future direction.

In addition to studies using primary cultured hepatocytes, significant progress has also been
made in identifying serum biomarkers in APAP-induced liver injury in mice and humans
(133). Interestingly, we found that the serum levels of LC3-11, the specific form of LC3 that
is associated with autophagosomal membrane formation, is elevated in APAP-treated mice
and APAP overdosed humans (59). More importantly, serum LC3-I1 was detected not only
in APAP overdose patients with high serum levels of ALT and APAP protein adducts but
also in patients with low ALT levels. Our observation suggests that the level of serum LC3-II
may be a more sensitive biomarker than ALT and APAP protein adducts in predicting the
severity of liver injury induced by APAP. One limitation of the use of serum LC3-11 is that it
may not be specific for APAP-induced liver injury because LC3-I1 can also be detected in
endotoxin-induced liver injury in mice. However, if combined with the serum APAP protein
adducts, serum levels of LC3-11 may serve as a novel mechanistic biomarker and have a
potential values for predicting the course and severity of APAP-induced liver injury in
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humans. More work is definitely needed to further explore the clinical beneficial effects of
activation of autophagy and evaluate other serum autophagy markers in addition to LC3-Il in

APAP overdose patients.

Conclusion and future perspective

In summary, increasing evidence supports an important role of autophagy in protecting

against APAP-induced liver injury by selectively removal APAP-AD and damaged

mitochondria. While data from the genetic autophagy-deficient mice for APAP-induced liver
injury are complex due to the compensatory effects in mouse livers such as Nrf2 activation

and JNK inhibition, pharmacological upregulation of autophagy may be a potential

therapeutic option for treatment of APAP-induced liver injury. Future studies are needed to

dissect the role of autophagy in APAP-induced liver injury in NAFLD patients. Future

studies are also needed to identify pharmacological approaches to specifically targeting

PINK1-Pakin-mediated mitophagy. The molecular events that regulate autophagy and
mitophagy and their roles in APAP-induced liver injury are summarized in Figure 2.
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Key Points

Acetaminophen (APAP) overdose has become one of the most common cause
of acute liver failure and intentional or accidental death in many counties.

Increasing evidences indicated that APAP overdose activated autophagy as a
protective process against APAP-induced liver injury.

Patients with nonalcoholic fatty liver disease may be more susceptible to
APAP-induced liver injury via impaired hepatic autophagy.

The current progress on the role and mechanisms of autophagy in protecting
against APAP-induced liver injury was summarized in this review.
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Figure 1. A simplified scheme for the regulation of autophagy in mammalian cells
When nutrients are sufficient, mTORCL1 is activated and phosphorylates ULK1/2 and

inhibits its activity. In contrast, when cells suffer from insufficient energy, AMPK is
activated and phosphorylates ULK1/2 to activate ULK1/2. The active ULK1/2
phosphorylates Beclin-1, leading to VPS34 activation and phagophore formation. ULK1/2
functions in a complex with FIP200, Atg13 and Atg101, whereas VPS34 function requires a
regulatory subunit, p150 and Beclin-1. Nascent LC3 is first processed by a protease, Atg4, to
expose its C terminus glycine to form LC3-1 form. LC3-1 is then further activated by E1-like
enzyme, Atg7, then transferred to an E2-like conjugating enzyme, Atg3. Finally, LC3
conjugates with PE to form a membrane associated LC3-11 form, with the Atg12-Atg5-
Atgl6L1 complex participating as an E3-like ligase. Atg9-mediated cycling systems
containing the core protein Atg9, Atg2 and WIPI1/2 contributes to the elongation of the
phagophore by delivering membrane from donor sources. The closure of an elongated
phagophore marks the formation of a mature autophagosome, which eventually fuses with a
lysosome, leading to cargo degradation. GTPase Rab7 and some components of the SNARE
family proteins, such as VAMP7, VAMP8, VAMP9 and STX17, and lysosomal-associated
membrane protein 1/2 are implicated in autophagosome fusion with lysosomes.
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Figure 2. A proposed model for the mechanisms underlying the protection of autophagy against
acetaminophen hepatotoxicity

APAP is first metabolized by cytochrome P450 enzymes (mainly via Cyp2E1) to generate
the reactive metabolite NAPQI, which depletes hepatic GSH and binds to cellular and
mitochondrial proteins to form APAP-Adducts (APAP-AD) resulting in a mitochondrial
oxidant stress. The increasing oxidative stress and mitochondrial protein adducts trigger
mitochondrial damage. Damaged mitochondria can lead to necrotic cell death, inflammation
and subsequent liver injury. p62, an autophagy receptor protein, is recruited to APAP-AD,
which may facilitate APAP-AD transition to the detergent insoluble form and allow their
recognition and sequestration by autophagosomes and eventual removal by autolysosomes.
Damaged mitochondria could be removed through PINK1-Parkin mediated selective
mitophagy. Damaged mitochondria can stabilize mitochondrial PINK1 that recruits Parkin to
mitochondria to trigger the ubiquitination of mitochondrial proteins. The mitochondrial
ubiquitination-p62-LC3 complex promotes the recognition and removal of damaged
mitochondria by mitophagy although the role of p62 in the APAP context has not been
determined. In addition to PINK1/Parkin pathway, several other mitochondrial outer
membrane proteins (FUNDCL, Bnip3 and Nix) may directly interact with LC3 through their
LC3 interacting region to mediate mitophagy independent of PINK1 and Parkin, but their
roles in APAP-induced mitophagy have not been studied. Autophagy can suppress
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inflammation and inflammasome activation by removing damage mitochondrial and
mitochondrial DNA. Torin 1 or rapamycin can target the ULK1 complex to induce
autophagy to protect against APAP-induced liver injury via removal of APAP-adducts and
damaged mitochondria. In contrast, 3-MA inhibits VPS34 complex to inhibit the upstream
autophagosome formation whereas Leupeptin or CQ impairs autolysosome/lysosome
functions leading to the exacerbation of APAP-induced necrosis and liver injury,
respectively.
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