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Abstract

Acetaminophen (APAP) is a widely used analgesic and antipyretic drug. APAP overdose can induce acute liver injury
in humans, which is responsible for approximately 50% of total cases of acute liver failure in the United States and some
European countries. Currently, the metabolism of APAP in the body has been extensively investigated; however, the exact
mechanisms for APAP hepatotoxicity are not well understood. Recent studies have shown that mitochondrial dysfunction,
oxidative stress and inflammatory responses play a critical role in the pathogenesis of APAP hepatotoxicity. Autophagy is a
catabolic machinery aimed at recycling cellular components and damaged organelles in response to a variety of stimuli, such
as nutrient deprivation and toxic stress. Increasing evidence supports that autophagy is involved in the pathophysiological
process of APAP-induced liver injury. In this review, we summarized the changes of autophagy in the liver following APAP
intoxication and discussed the role and its possible mechanisms of autophagy in APAP hepatotoxicity. Furthermore, this
review highlights the crosstalk between mitophagy, oxidative stress and inflammation in APAP-induced liver injury and
presents some possible molecular mechanisms by which activated autophagy protects against APAP-induced liver injury.

Keywords Acetaminophen - Autophagy - Hepatotoxicity - Mitophagy - Oxidative stress

Introduction

Acetaminophen (also known as paracetamol, N-acetyl-
p-aminophenol; APAP) is a widely used analgesic and
antipyretic drug. In many countries, APAP is an over-the-
counter drug, and people can choose to buy APAP with-
out a doctor’s prescription. According to the US Food and
Drug Administration, approximately 50 million adults in
the United States take acetaminophen-containing products
each week. The recommended oral dosage for adults is
325-650 mg every 4-6 h, with a maximum recommended
daily dose of 4 g (Hinson et al. 2010; Schilling et al. 2010).
Although APAP is believed to be safe at therapeutic doses,
it produces a centrilobular hepatic necrosis at higher doses
(Hinson et al. 2010). In 1966, Davidson and Eastham first
reported the cases of acute hepatotoxicity caused by APAP
overdose (Davidson and Eastham 1966). In the United States
and the United Kingdom, APAP poisoning accounts for
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approximately 50% of all cases of acute liver failure (Larson
et al. 2005; Ostapowicz et al. 2002).

Metabolism and hepatotoxicity of APAP

Acetaminophen toxicity occurs in two phases: a metabolic
phase is followed by a toxicity phase (Boobis et al. 1986;
Tee et al. 1986). At present, the metabolic phase has been
well characterized. In the liver, the major portion of aceta-
minophen (approximately 85-90%) is metabolized by glu-
curonidation and sulfonation reactions, only a minor frac-
tion of the drug (up to 10%) undergoes oxidation to form
the highly reactive metabolite, N-acetyl-p-benzoquinone
imine (NAPQI) (Dahlin et al. 1984; Hodgman and Garrard
2012; Larson 2007; Mitchell et al. 1973a). The metabolizing
enzymes responsible for the oxidation of APAP have been
identified, liver cytochrome P450 (CYP) enzymes especially
CYP2E1 and CYP3A4 are believed to play a key role in the
metabolic activation of APAP (Patten et al. 1993; Thummel
et al. 1993). When therapeutic doses of APAP are ingested,
the small amount of NAPQI is efficiently deactivated by
conjugation with reduced glutathione (GSH), forming a mer-
capturic metabolite that is readily eliminated by the kidneys
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(Mitchell et al. 1973b). Following exposure to high-dose
APAP, however, the endogenous glucuronide and sulfate
cofactors, such as UDP-glucuronic acid (UDPGA) and
3'-phosphoadenosine-5'-phosphosulfate (PAPS), become
depleted, thus forming increased amounts of NAPQI. Once
the endogenous GSH in the liver also becomes depleted,
NAPQI can covalently bind to cellular biological macromol-
ecules, such as proteins, nucleic acids and lipids, resulting in
mitochondrial damages, endoplasmic reticulum stress, and
necrotic cell death (Foufelle and Fromenty 2016; Hinson
et al. 2010). By contrast, the toxicity phase is characterized
by increased oxygen/nitrogen stress and the mitochondrial
permeability transition (MPT); however, the exact mecha-
nisms are poorly understood. A number of molecular events
appear to occur in the toxicity phase, including mitochon-
drial dysfunction, increased oxidative stress, altered ion
imbalance, and dysregulated signaling transduction.

Based on the fundamental insight into the mechanism
of APAP hepatotoxicity, N-acetylcysteine (NAC) was intro-
duced to scavenge the reactive metabolite in the clinic. The
administration of NAC is a highly successful approach for
treating APAP overdose; however, this protective effect is
only observed in the early stage of APAP hepatotoxicity. In
mouse model, NAC no longer plays a protective role at 4 h
after APAP overdose. In contrast, therapeutic window of
NAC intervention in patients is up to 10 h following APAP
overdose. This lag time provides a window of opportunity
for optimal treatment with NAC. If given within the first
10 h of overdose, NAC may completely prevent the occur-
rence of hepatotoxicity (Prescott et al. 1980; Smilkstein et al.
1988). Patients that do not receive NAC in time undergo
severe liver injury, which can progress to acute liver failure
(ALF). Hence, liver transplantation is the ultimate treatment
for patients with ALF.

APAP-induced acute hepatotoxicity demonstrates a
necroinflammatory injury pattern. Histologically, liver
injury is primarily characterized by a centrilobular hepatic
necrosis, which is accompanied by a mild inflammatory
infiltrate. Biochemically, the cases of APAP intoxication
have marked elevation of serum aminotransferase, such as
aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT). In the rodent model, following the intoxication
of APAP, a prominent change in liver was characterized by
glycogen loss and vacuolization of centrilobular hepatocytes
by 2 h. By 3 h, nuclear changes were observed in centri-
lobular hepatocytes and single cell necrosis with pycnotic
cells. By 6 h, gross necrosis of the entire centrilobular areas
were observed (Mitchell et al. 1973a). Furthermore, sterile
inflammation and inflammasome activation occurs in both
mice and man after APAP overdose (Hinson et al. 2010). In
addition, some studies reported that APAP hepatotoxicity
was associated with the apoptosis of hepatocytes. However,
in contrast to the massive necrotic cells, few apoptotic cells
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were observed in livers of mice treated with a toxic dose of
APAP (Gujral et al. 2002). Collectively, the vast majority of
literatures have supported that necrosis rather than apoptosis
contributes to the cell death of hepatocytes in APAP-induced
acute liver injury.

The mechanisms involved in APAP
hepatotoxicity

As mentioned above, the exact mechanisms of APAP hepa-
totoxicity are not well understood. However, recent stud-
ies have suggested that mitochondrial dysfunction can be
considered as a critical event in the pathogenesis of APAP
hepatotoxicity. Changes in mitochondrial morphology and
function have been observed in a multitude of in vivo and
in vitro models of acetaminophen hepatotoxicity. In the
meantime, toxic doses of APAP result in impaired energy
metabolism as well as a lowering of cellular ATP levels and
ATP/ADP ratios (McGill et al. 2012a, b; Vendemiale et al.
1996). More importantly, it is recognized that mitochon-
drial dysfunction is causally linked to the oxidative stress
following by APAP overdose. On the one hand, excessive
NAPQI generated from APAP can deplete GSH level and
affect mitochondrial function in the hepatocytes. On the
other hand, damaged mitochondria further lead to over-
production of reactive oxygen species (ROS), forming a
vicious cycle. In particular, the formation of protein adducts
in mitochondria results in an excessive oxidative stress and
activation of mitogen-activated protein kinases including
c-jun N-terminal kinase (JNK), which further amplify the
oxidant stress (Jaeschke et al. 2012). In the liver, there are
three major sources of ROS: cytochrome P450-catalyzed
substrate oxidation, macrophage-derived NADPH oxidase,
and mitochondria. In terms of APAP hepatotoxicity, how-
ever, NADPH oxidase-derived ROS is not the primary cause,
because mice with a deficiency in NAPDH oxidase function
did not show a decreased oxidative stress or reduced liver
injury (James et al. 2003). Similarly, the direct evidence
of APAP-induced oxidant stress from cytochrome P450
enzymes in the metabolism phase is also lacking (McGill
et al. 2011). By contrast, nowadays, compelling evidence
supports that oxidative stress in APAP-induced hepatotox-
icity is mainly due to mitochondria-derived ROS and free
radicals (Du et al. 2016a; McGill et al. 2012b).

Besides mitochondrial dysfunction and oxidative stress,
there is increasing evidence that endoplasmic reticulum (ER)
stress can be another important mechanism in APAP-induced
liver injury. In this respect, both in vivo and in vitro studies
have demonstrated that APAP was able to induce ER stress
and the unfolded protein response (UPR), which could play
an important role in APAP-induced hepatocyte death (Nagy
et al. 2007, 2010; Uzi et al. 2013). For example, CCAAT/
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enhancer-binding protein homologous protein (CHOP) is a
transcription repressor downstream of the PERK and IRE1
pathways of the UPR. Once activated, CHOP inhibits the
expression of anti-apoptotic genes and activates pro-apoptotic
genes (McCullough et al. 2001). During APAP-induced liver
injury, ER stress and UPR activation were coincided with
CHOP upregulation. By contrast, deletion of CHOP protects
mice from liver damage following APAP intoxication (Uzi
et al. 2013). Furthermore, 4-phenylbutyric acid (PBA) treat-
ment dramatically ameliorated the massive hepatocyte death
after APAP administration. The underlying protective mecha-
nism of PBA against APAP hepatotoxicity could be attributed
to the alleviation of ER stress-induced hepatocytes death,
because PBA can significantly prevent the APAP-induced
increases in cleaved activating transcription factor 6 (ATF6)
and phosphorylation of c-JNK (Kusama et al. 2017).
Although the initial underlying mechanism of APAP-
induced hepatotoxicity is the necrosis of hepatocytes, the
second step in the liver injury is a sterile inflammation as
a response to the necrotic hepatocytes. Intracellular com-
ponents released from hepatocytes include nuclear DNA,
mitochondrial DNA and proteins, they can act as damage-
associated molecular patterns (DAMPs) and activate the
formation of the inflammasome complex in various cells
such as Kupffer cells, thereby causing a release of proin-
flammatory cytokines including interleukin-1 and tumor
necrosis factor-o (TNF-a) (Blazka et al. 1995b; Kubes
and Mehal 2012; Laskin and Pilaro 1986). Then, they can
result in proinflammatory responses through the activation
and hepatic recruitment of neutrophils and monocytes. The
sterile inflammation likely amplifies the initial insult and
increases overall tissue injury (Woolbright and Jaeschke
2017). By contrast, the Kupffer cell inactivators such as
gadolinium chloride and dextran sulfate were reported to
decrease acetaminophen toxicity in the mouse (Blazka et al.
1995a; Michael et al. 1999). However, the elimination of
Kupffer cells with clodronate liposomes could not protect
against the APAP-induced liver injury (Ju et al. 2002). By
contrast, it resulted in an increase in liver toxicity, which
suggested that KCs may have a beneficial role in the toxicity,
such as recruitment of circulating macrophages leading to
increased liver repair (Holt et al. 2008). Considering the dual
effect of inflammation in APAP hepatotoxicity, we speculate
that a moderate inflammatory response may contribute to
the tissue repair and hepatocytes regeneration, but excessive
inflammatory responses aggravate liver damage.

Autophagy in APAP-induced liver injury

Autophagy is a cellular process responsible for the deg-
radation of excess or aberrant long-lived cytosolic pro-
teins and organelles within lysosomes. Briefly, autophagy

initiates as an isolation membrane, then gradually grows
into a double-membrane autophagosome, and subsequently
matures into an autolysosome after fusion with lysosomes.
Finally, the autophagosome-containing cytoplasmic mate-
rials is degraded by lysosomal enzymes (Mizushima et al.
2010).

According to the properties of the substrates, autophagy
can be further divided into non-selective autophagy and
selective autophagy. Upon nutrient deprivation, autophagy
catabolizes some non-essential cytoplasmic components
non-selectively, including proteins and organelles, into
building blocks, such as amino acids (Mizushima and
Komatsu 2011). By contrast, selective autophagy mainly
targets for some specific substrates such as intracellular
protein polymers and the damaged organelles (He and
Klionsky 2009; Lamark and Johansen 2012). Mitophagy is
a type of autophagy responsible for the selective removal
of damaged mitochondria. Nowadays, it is presumed that
mitophagy can be completed via ubiquitin-dependent path-
way such as PINK1-Parkin-mediated mitophagy, or ubiq-
uitin-independent pathway such as BNIP-NIX, FUNDCI,
and Bcl2L13-mediated mitophagy (Hamacher-Brady
and Brady 2016). Among them, PINK1-Parkin-mediated
mitophagy is the most well-characterized pathway. PINK1
18 a mitochondrial serine/threonine kinase, which acts as a
molecular sensor to monitor mitochondrial status and pro-
tect cells from stress-induced mitochondrial dysfunction.
In healthy mitochondria, mitochondrial transmembrane
potential drives PINK1 import into the inner mitochon-
drial membrane (IMM) by the translocase of the outer
mitochondrial membrane (OMM). By contrast, mitochon-
drial damage causes the accumulation of PINKI1 on the
OMM. Then, PINKI recruits Parkin to initiate mitophagy
(Nguyen et al. 2016). As an E3 ubiquitin ligase, activated
Parkin mediates ubiquitination of the outer mitochondrial
membrane proteins, which serve as signal to recruit the
autophagy adaptors like OPTN, NDP52, and p62. Conse-
quently, the autophagy machinery is recruited to damaged
mitochondria for degradation (Kerr et al. 2017; Lazarou
et al. 2015; Murata et al. 2013; Nguyen et al. 2016).

There is growing evidence that supports autophagy par-
ticipates in various metabolic processes of the liver. Under
physiological conditions, there is a constitutive, low level
of autophagy in hepatocytes, which plays an essential role
in maintenance of normal liver function. However, a wide
range of conditions such as hunger, oxidative stress, and
accumulation of damaged organelles can induce or inhibit
the activity of autophagy, thereby affecting liver func-
tion and even leading to cell death. It has been found that
autophagy was involved in various liver diseases including
alcoholic liver disease, non-alcoholic fatty liver disease,
liver cancer and viral hepatitis (Hidvegi et al. 2011; Ueno
and Komatsu 2017).
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The alteration and role of autophagy
in APAP-induced liver injury

Recent studies providing compelling evidence that supports
autophagy are directly involved in the pathophysiology of
APAP-induced liver injury. In 2012, Ni et al. reported that
autophagy was associated with APAP-induced liver injury.
They found that APAP-induced autophagy in the mouse liver
and primary cultured hepatocytes. In the meantime, phar-
macological inhibition of autophagy by 3-methyladenine or
chloroquine further exacerbated APAP-induced hepatotoxic-
ity. In contrast, induction of autophagy by rapamycin inhib-
ited APAP-induced hepatotoxicity (Ni et al. 2012a). Mean-
while, the study has also found that RAPA does not affect the
metabolic activation of APAP, indicating that the protective
effect of rapamycin lies in the downstream of APAP metabo-
lism. Treatment with rapamycin 2 h after APAP administra-
tion significantly ameliorates APAP-induced liver injury,
despite the fact that APAP metabolism and hepatic GSH
depletion have already occurred (Ni et al. 2012a). This find-
ing is particularly important, because most patients of APAP
poisoning do not receive medical care until they are past
the metabolic phase. Therefore, pharmacological induction
of autophagy may have a potential therapeutic application
in humans with APAP hepatotoxicity. Subsequently, Igusa
et al. further demonstrated that hepatocyte-specific ATG7
knockout mice (hepatocyte-specific autophagy deficiency)
are more susceptible to APAP-induced liver injury (Igusa
et al. 2012). In their study, APAP-induced reactive oxygen
species (ROS) production, mitochondrial membrane depo-
larization, and JNK activation in hepatocytes were accel-
erated by autophagy deficiency (Igusa et al. 2012). Taken
together, autophagy activation in APAP hepatotoxicity is
likely to play a protective role, because further elevated
autophagy induced by drugs can significantly reduce liver
damage.

At present, the mechanism by which APAP induces
autophagy activation is not clear, we hypothesize that it
is most likely a compensatory response to excessive ROS
following APAP intoxication. Autophagy is activated by
various stimuli in cells and ROS are one of these autophagy
inducers. ROS-induced autophagy is also seen in a variety
of oxidative stress conditions, such as NGF deprivation,
TNF-induced ROS production, and nutrient starvation.
In this respect, the mitochondria represent the principal
source of ROS required for autophagy induction signaling
(Filomeni et al. 2015; Scherz-Shouval and Elazar 2007;
Scherz-Shouval et al. 2007). Mechanistically, the accumu-
lation of ROS can induce autophagy both by direct effect
on the core autophagy machinery and by indirect influence
on the components of the autophagy-regulatory signaling
pathway (Dewaele et al. 2010; Scherz-Shouval and Elazar
2011; Zhang et al. 2016). Indeed, APAP-induced autophagy
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was suppressed by N-acetylcysteine, suggesting APAP mito-
chondrial protein binding and the subsequent production
of reactive oxygen species may play an important role in
APAP-induced autophagy (Ni et al. 2012a).

Surprisingly, however, ATGS5 tissue-specific knockout
mice have been shown to increase tolerance to APAP-
induced acute liver injury (Ni et al. 2012b). Hepatocyte-
specific deletion of Atg5 resulted in the loss of autophagic
activity and mild liver injury, which is characterized by
increased apoptosis and compensatory hepatocyte pro-
liferation; however, they were resistant to APAP-induced
liver injury (Ni et al. 2012b). Both ATGS and ATG7 are
the essential genes in the formation of autophagosomes,
knocking out either of them can block the occurrence of
autophagy. However, ATG5 and ATG?7 tissue-specific
knockout mice show different effects on APAP hepatotox-
icity, and the exact reasons for this seemingly contradictory
phenomenon remain unclear. Further investigations revealed
an increased basal hepatic GSH content and a faster recovery
of GSH after APAP treatment, which can be due to persis-
tent activation of Nrf2, a transcriptional factor regulating
drug detoxification and GSH synthesis. In addition, a higher
hepatocyte proliferation was observed in the livers of Atg5
liver-specific knockout mice. Therefore, the researchers
speculate that the activation of Nrf2-ARE antioxidant path-
way and increased hepatocyte proliferation protect against
APAP-induced liver injury in Atg5 knockout mice (Ni et al.
2012b). Similarly, Parkin knockout mice were protected
against APAP-induced liver injury, which may be due to
decreased c-JNK and increased hepatocyte proliferation after
APAP treatment (Williams et al. 2015). Furthermore, a novel
research has also demonstrated that mice with liver-specific
double knockout of Ulkl and Ulk2, the key component of
Atg1/Unc-51-like kinase 1(ULK1) complex in upstream step
of autophagy pathway, are more resistant to APAP-induced
liver injury. However, mechanistic study has revealed that
Ulk1/2 knockout does not affect the autophagic activity in
hepatocytes. By contrast, Ulk1/2 deficiency suppresses the
activation of JNK via MKK4/7 (Sun et al. 2017). Together,
the discrepancy in gene knockout mice experiments above-
mentioned is associated with the non-autophagic functions
of autophagy-related genes. Hence, a better understanding
the function of these autophagy-related proteins could help
decipher their distinct role in APAP hepatotoxicity.

The mechanisms for autophagy protects
against APAP hepatotoxicity

In liver, once GSH is depleted, NAPQI reacts with many cel-
lular proteins, including mitochondrial proteins, to form pro-
tein adducts (Jaeschke and Bajt 2006). Subsequently, APAP
protein adducts (APAP-AD) may lead to mitochondrial dam-
age and hepatocyte necrosis. As an essential mechanism of
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maintaining cell homeostasis, the autophagy can remove the
APAP-AD and the damaged mitochondria, which prevents
against APAP-induced necrosis (Ni et al. 2012a).

Clearing APAP protein adducts

The formation of APAP-AD in hepatocytes triggers mito-
chondrial dysfunction and necrosis. Recent studies have
found that autophagy selectively eliminates APAP-AD. Fol-
lowing APAP, APAP-AD were detected at 1 h, peaked at
approximately 2 h, declined at 6 h and almost full removed
at 24 h post treatment with APAP in mouse livers and in
primary mouse hepatocytes. In the meantime, the study also
found that selective autophagy was responsible for the clear-
ance of protein adducts, because APAP-AD was colocal-
ized with GFP-LC3 positive autophagosomes and Lamp1
positive lysosomes in APAP-treated primary hepatocytes
(Ni et al. 2016). More importantly, pharmacological inhibi-
tion of autophagy by leupeptin or chloroquine increased,
whereas induction of autophagy by Torin 1 decreased serum
APAP-AD levels in APAP-treated mice, which correlated
with alanine aminotransferase levels and liver necrosis (Ni
et al. 2016).

Eliminating the damaged mitochondria

Mitochondria are the power plants inside cells that are
responsible for generating ATP for cell survival through
oxidative phosphorylation. Furthermore, mitochondria are
implicated in critical cellular processes such as programmed
cell death and the regulation of inflammatory responses
(Green et al. 2011; Nakahira et al. 2011; Weinberg et al.
2015). Dysfunction of mitochondria can lead to a wide range
of disorders due to the impact on cellular metabolism and
production of ROS (Scheibye-Knudsen et al. 2015).

As mentioned above, mitochondrial dysfunction, oxi-
dative stress and sterile inflammation are critical events in
the pathogenesis of APAP-induced liver injury. Recently,
the crosstalk between autophagy and them has been found.
Under oxidative stress, elevated intracellular ROS can
induce autophagy; in turn, activated autophagy can remove
damaged mitochondria to reduce the production of ROS
and eliminate inflammasomes (such as NLRP3 inflamma-
some), thus inhibiting the inflammatory response (Chen
et al. 2016; Deng et al. 2013). These findings provide new
insights into the intrinsic link between APAP-induced liver
injury and autophagy. Indeed, emerging evidence suggests
that autophagic removal of damaged mitochondria may pro-
tect against APAP-induced liver injury. For example, APAP
overdose triggers unique pathological zonated changes in the
mouse liver, which is characterized by mitochondrial sphe-
roid formation, autophagy and mitochondrial biogenesis.
APAP-induced autophagy is believed to limit the expansion

of necrosis and promote mitochondrial biogenesis (Ni et al.
2013). Furthermore, Parkin knockdown experiment in mice
further supports the above results. Parkin acts an E3 ubiq-
uitin ligase that is directly involved in the PINK1-Parkin-
mediated mitophagy pathway. Knockdown of Parkin in
mouse livers using adenovirus-shRNA significantly reduced
mitophagy but increased JNK activation after APAP admin-
istration, which exacerbated APAP-induced liver injury
(Williams et al. 2015). However, in contrast to the results
of acute knockdown experiment, Parkin KO mice were pro-
tected against APAP-induced liver injury. The exact reasons
might be associated with the non-autophagic functions of
autophagy-related genes, because increased hepatocyte pro-
liferation was observed in Parkin KO mice. In addition, we
speculated that chronic KO of Parkin in mice may result
in a compensatory activation of other mitophagy pathways.
Indeed, regardless of the loss of Parkin function, mitophagy
was still observed in hepatocytes, which supports the exist-
ence of other mitophagy pathways (Williams et al. 2015).

1. Alleviating oxidative stress via mitophagy

As a defense mechanism against cell death, mitophagy
induced by APAP can remove damaged mitochondria. At
this aspect, mitochondria are frequently observed within
APAP-induced autophagosomes, and the level of mito-
chondrial proteins is decreased, supporting the role of
mitophagy in the removal of damaged mitochondria. Moreo-
ver, autophagy inhibition by chloroquine further increased
APAP-induced ROS production, whereas induction of
autophagy with rapamycin inhibited its production, indicat-
ing that mitophagy may attenuate mitochondrial ROS forma-
tion and release of pro-death factors (Ni et al. 2012a).

In addition, some drug-intervening experiments also pro-
vide the supporting evidence on mitophagy. Metformin, a
first-line drug to treat type 2 diabetes mellitus, protected
against APAP acute hepatotoxicity in mice (Kim et al.
2015; Saeedi Saravi et al. 2016). In the meantime, the stud-
ies found that metformin could attenuate the mitochondrial
oxidant stress and mitochondrial dysfunction, which could
be attributed to its ability of enhancing mitophagy (Du et al.
2016b). Certainly, a recent study has also found that met-
formin can suppress inflammation by inhibiting the extracel-
lular activity of HMGB1 in an acetaminophen-induced acute
liver injury model (Horiuchi et al. 2017).

2. Inhibiting the activation of inflammasomes via
mitophagy

Although the initial stage of APAP hepatotoxicity is
mediated by reactive metabolite formation and mitochon-
drial dysfunction, the later stage of injury is potentially
mediated, at least in part, by the recruitment of inflammatory

@ Springer



2158

Archives of Toxicology (2018) 92:2153-2161

leukocytes such as neutrophils and monocytes (Imaeda et al.
2009; Liu et al. 2006; Marques et al. 2012; Mossanen et al.
2016). For instance, neutrophil depletion with anti-Gr-1
antibody significantly attenuated the hepatoxicity in aceta-
minophen-treated mice (Liu et al. 20006).

Currently, the most widely accepted viewpoint behind
inflammation after APAP overdose is that the process occurs
through a sterile inflammatory response. The controversial
question is whether the inflammatory response contributes
to the injury or whether this inflammation is beneficial for
survival. However, more researches support the severity of
liver injury may associated with the innate immunity and
the activation of the inflammatory response (Connolly et al.
2011; Gardner et al. 2002; Liu et al. 2004).

The inflammasomes are a type of multiprotein complexes
in the cell, which can sense the external stimulus signal to
activate caspase-1 and regulate the processing and secretion
of IL-1p, IL-18 and so on. Among them, NLRP3 inflam-
masome is currently the most studied and well-understood
inflammasome. During the pathway of NLRP3 inflammas-
ome activation, mtDNA and mtROS released from damaged
mitochondria are the major activators. Recent studies have
shown that activated autophagy can relieve inflammatory
responses by selectively clearing damaged mitochondria,
inhibiting the activation of inflammasomes (Zhong et al.
2016). By contrast, autophagy deficits caused by knocking
out LC3 and Beclin 1 activated NLRP3 inflammasome and
increased the production of IL-1f and IL-18, thus enhanc-
ing the inflammatory response (Lupfer et al. 2013; Nakahira
et al. 2011). As for APAP hepatotoxicity, NLRP3 has been
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identified as a potential mediator in the mouse model of
APAP overdose. The formation of NLRP3 inflammasome
in particular has directly been attributed to late-stage APAP
toxicity (Imaeda et al. 2009; Woolbright and Jaeschke 2017).
Given that mitochondrial damage plays a central role in
APAP hepatic injury, we hypothesized that mitophagy may
selectively remove damaged mitochondria and control the
level of oxidative stress in hepatocytes. More importantly,
activated mitophagy can inhibit the inflammatory response
by inhibiting inflammasome activation and reducing the
release of inflammatory mediators, thereby alleviating
APAP-induced liver injury (Fig. 1). However, so far, no rel-
evant research has been reported in this regard. Hence, an in-
depth study on the crosstalk between mitophagy and NLRP3
inflammasome activation will help clarify the mechanism for
autophagy protecting against APAP hepatotoxicity.

The last question need to be mentioned is whether the
activation of NLRP3 inflammasome is necessary for APAP
hepatotoxicity. For example, mice deficient for NLRP3
inflammasome demonstrated a similar liver injury and ster-
ile inflammation following APAP (Williams et al. 2011).
Furthermore, caspase inhibitor could inhibit caspase-1
activity and block the maturation of IL-1p. However,
APAP-induced liver injury and neutrophil infiltration were
not affected (Williams et al. 2010). Maybe, the discrepancy
can be attributed to other pathways. Indeed, in canoni-
cal NLRP3 inflammasome pathway, caspase-1 activity is
required for the maturation of proinflammatory cytokine;
however, the release of IL-1o and IL-1 can be independent
of caspase-1 catalytic activity. Calpain, calcium-dependent
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Fig. 1 Proposed mechanisms for mitophagy in APAP-induced hepa-
totoxicity. A toxic dose of APAP is metabolized to NAPQI in the
liver, which can deplete hepatic GSH and covalently bind to cellu-
lar and mitochondrial proteins. Consequently, they lead to increased
ROS production and mitochondrial dysfunction. As a result, damaged
mitochondria can result in necrotic cell death and further ROS pro-
duction. Furthermore, DAMP released from necrotic hepatocytes can
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activate inflammatory response, which further exacerbate liver injury.
As a compensatory response under oxidative stress, ROS may trigger
autophagy, which helps to remove APAP-AD and damaged mitochon-
dria. Furthermore, autophagy-activating drugs can induce mitophagy,
which not only reduce ROS production by removing damaged mito-
chondria, but also alleviate inflammation by degrading NLRP3
inflammasome, thus attenuating liver injury
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cysteine protease, is believed to involved in the activation
NLRP3 inflammasome and secretion of the proinflammatory
cytokine IL-1f (Gross et al. 2012; Valimaki et al. 2016). By
contrast, the overexpression of calpastatin, an endogenous
inhibitor in mice can inhibit the activation of NLRP3 inflam-
masome and the production of IL-1a and IL-1p (Hanouna
et al. 2017). Therefore, the exact role of NLRP3 inflamma-
some in APAP hepatotoxicity still needs further investiga-
tion. Taken together, there is a complex interaction between
mitochondrial damage, oxidative stress and inflammatory
response in APAP-induced liver injury. Mitophagy, as a crit-
ical mechanism for maintaining mitochondrial homeostasis,
can not only reduce ROS production by removing damaged
mitochondria, but also alleviate inflammation by degrading
NLRP3 inflammasome.

Maintaining the turnover of endoplasmic reticulum

As mentioned above, there is a growing body of evidence
that supports ER stress is implicated in APAP hepatotoxic-
ity. ER stress is generally considered an event secondary
to NAPQI generation. NAPQI can covalently bind to criti-
cal ER proteins such as GSH-S-transferase and calreticulin,
thus resulting in an ER stress (Shin et al. 2007; Wang et al.
2006; Zhou et al. 1996). Furthermore, GSH depletion in the
ER can result in intraluminal redox imbalance, leading to
phosphorylation of eIF2a and activation of ATF6 and CHOP
(Nagy et al. 2007, 2010).

Recent studies have found that autophagy play a criti-
cal role in the turnover and modulation of ER (Khaminets
et al. 2015; Lipatova and Segev 2015; Mochida et al. 2015).
Under ER stress condition, autophagy is activated to meet
the different cellular requirement. The autophagy induced by
ER stress mainly includes the ER stress-mediated autophagy
and ER-phagy. Among them, the autophagy that is activated
under ER stress condition is usually named as “ER stress-
mediated autophagy”, while ER-phagy is a type of selective
autophagy that involves the generation of autophagosomes
that selectively sequester ER membranes (Smith et al. 2018;
Song et al. 2018). Both of them need the UPR and the core
autophagy machinery. The major difference is that ER stress-
mediated autophagy sequesters and degrades the protein
aggregates and damaged organelles, while ER-phagy selec-
tively sequesters ER membranes (Khaminets et al. 2015;
Mochida et al. 2015; Song et al. 2018). Moreover, ER-phagy
need specific receptors to mediate selective attachment of
autophagosomes and ER, FAM134B is a newly identified
receptor of ER-phagy in mammalian cells (Khaminets et al.
2015). However, whether ER stress-mediated autophagy
and ER-phagy were implicated in APAP hepatotoxicity has
not been thoroughly studied so far. Given that the critical
role of ER stress, an in-depth study on the causative link
between autophagy and ER stress not only helps to elucidate

the mechanism of APAP-induced acute liver injury, more
importantly, but also promotes the development of treatment
strategy for APAP liver injury. Considered the majority of
poisoning patients delivered to the hospital for treatment
have passed the metabolic phase and progressed to the phase
of liver injury, so it is especially important for the treatment
of patients with severe acute liver failure. If the progression
of liver damage can be controlled by correcting mitochon-
drial dysfunction and ER stress, it is expected to develop an
effective treatment for APAP hepatotoxicity.
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