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Abstract: Acetaminophen, also known as N-acetyl-p-aminophenol (APAP), is commonly used as an antipyretic and analgesic
agent. APAP overdose can induce hepatic toxicity, known as acetaminophen-induced liver injury (AILI). However, therapeutic
doses of APAP can also induce AILI in patients with excessive alcohol intake or who are fasting. Hence, there is a need to
understand the potential pathological mechanisms underlying AILI. In this review, we summarize three main mechanisms involved
in the pathogenesis of AILI: hepatocyte necrosis, sterile inflammation, and hepatocyte regeneration. The relevant factors are
elucidated and discussed. For instance, N-acetyl-p-benzoquinone imine (NAPQI) protein adducts trigger mitochondrial oxidative/
nitrosative stress during hepatocyte necrosis, danger-associated molecular patterns (DAMPs) are released to elicit sterile
inflammation, and certain growth factors contribute to liver regeneration. Finally, we describe the current potential treatment
options for AILI patients and promising novel strategies available to researchers and pharmacists. This review provides a clearer
understanding of AILI-related mechanisms to guide drug screening and selection for the clinical treatment of AILI patients in
the future.
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1 Introduction

Acetaminophen, also known as N-acetyl-p-amino-
phenol (APAP), was approved for clinical application
by the US Food and Drug Administration (FDA) in
1950 and is commonly used for the management of
fever and pain (Chowdhury et al., 2020). However,
APAP overdose can cause hepatic and renal toxicities
and even lead to death. The liver is the main organ
that metabolizes APAP. Most (85%) APAP can directly

P< Zhi CHEN, zjuchenzhi@zju.edu.cn
Jingwen DENG, jwdeng@zju.edu.cn

" The two authors contributed equally to this work
Zhi CHEN, https://orcid.org/0000-0002-0848-1502
Jingwen DENG, https://orcid.org/0000-0002-5340-4856

Received Nov. 28, 2021; Revision accepted Dec. 21, 2021;
Crosschecked Mar. 30, 2022

© Zhejiang University Press 2022

combine with glucuronide and sulfate cofactors that
are excreted in the form of bile and urine. The remain-
ing fraction (15%) can be metabolized by the cyto-
chrome P450 (CYP450) enzyme system (Chowdhury
et al., 2020). In vivo, CYP450 can transform APAP
into toxic N-acetyl-p-benzoquinone imine (NAPQI),
which may subsequently trigger cell damage in the
liver (Dahlin et al., 1984). Under normal circum-
stances, glutathione (GSH) in liver tissues facilitates
the discharge of electrophilic NAPQI by combining
thioglycolic acid with cysteine (Lu, 1999). It is well
known that NAPQI can bind to key cellular proteins
and induce oxidative stress and mitochondrial dysfunc-
tion. This may eventually cause liver cell death in the
context of uridine diphosphate (UDP)-glucuronic acid
and 3'-phosphoadenosine-5'-phosphosulfate saturation
and GSH overconsumption (more than 1/3 of the
normal level; Fig. 1) (Chiew et al., 2018).
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Fig. 1 Schematic diagram of APAP metabolism. Under the action of glucoronosyl-transferase and sulfo-transferase,
most monomer APAP forms complexes with sulfate and glucuronic acid, which are excreted in bile or urine. The remaining
part of APAP is oxidized by CYP450 to form NAPQI, which combines with GSH. Accompanied with overconsumption of
GSH, NAPQI shows accumulation in the liver, eventually causing liver damage. APAP: N-acetyl-p-aminophenol;
CYP450: cytochrome P450; NAPQI: N-acetyl-p-benzoquinone imine; GSH: glutathione.

APAP overdose is considered an important factor
that contributes to the pathogenesis of acute liver
failure (ALF); in particular, a single dose of more than
125 mg/kg can have this effect. In the USA and most
western countries, the proportion of acetaminophen-
induced liver injury (AILI) reaches up to 46% of ALF
cases (Reuben et al., 2016). The risk of AILI appears
to be greatly increased in individuals with anorexia,
long-term alcohol abuse, and phenytoin sodium. This
phenomenon may be related to insufficient reserves
of GSH or the increased activity of CYP450 drug-
metabolizing enzymes. About 10% of alcohol metab-
olism is mediated by the CYP450 family (Cederbaum,
2012). Therefore, the relationship between alcohol and
APAP/NAPQI is complicated. Hodgman and Garrard
(2012) found that chronic alcohol consumers have
an increased risk of AILI. In contrast, acute alcohol
consumption plays a protective role against APAP
because of the competition of alcohol for CYP450
(Schmidt et al., 2002; Waring et al., 2008). The patho-
logical process underlying AILI is divided into three
stages: liver cell death, sterile inflammation, and liver
cell regeneration and recovery (Bhushan and Apte,
2019). Hepatocyte death is induced mainly by meta-
bolic disorder in hepatocytes. Initially, the accumula-
tion of the NAPQI protein in mitochondria leads to

continuous oxidative stress or nitrosative stress and
dysfunction, followed by gradual liver cell necrosis
(Jaeschke et al., 2012). Subsequently, necrotic hepato-
cytes release danger-associated molecular patterns
(DAMPs). These DAMPs then recruit and activate
innate immune cells, such as neutrophils, macro-
phages, natural killer T (NKT) cells, and natural killer
(NK) cells, and participate in necrotic tissue clearance
and inflammatory response expansion (Jaeschke et al.,
2014). Finally, liver cells proliferate and regenerate in
the presence of certain signal mediators and nonparen-
chymal liver cells (Apte et al., 2009; Bhushan et al.,
2017a).

N-acetylcysteine (NAC), the only drug approved
for clinical use in the treatment of AILI, contributes to
the synthesis of GSH. Moreover, early administration is
recommended in clinical settings. In patients with APAP
overdose for more than 8 h, the efficiency of NAC
treatment is significantly reduced (Smilkstein et al.,
1988). Some other drugs, such as 4-methylpyrazole
(4MP), methylene blue, and metformin, have been
reported to be effective for treating AILI. These drugs
are not approved by the authorities, as some obstacles
have occurred in the progression of these drugs through
clinical trials (Jaeschke et al., 2020). Trials of novel
therapies that target the signaling pathways involved



in AILI are ongoing. In this review, we summarize the
pathogenesis of AILI and elucidate the latest treatment
options.

2 Association between hepatocyte necrosis
and AILI

2.1 Involvement of NAPQI in hepatocyte necrosis
by modulating mitochondrial oxidative/nitrosative
stress and endoplasmic reticulum stress

In response to factors that cause physical or chem-
ical damage, the permeability of hepatocyte plasma
membranes and organelle membranes increases. This
leads to the release of organelles and intracellular
contents and the necrosis of hepatocytes. APAP-
induced hepatotoxicity is thought to lead mainly to
hepatocyte necrosis, but studies on the intracellular
signaling mechanism underlying cell death suggest
that both apoptosis and necroptosis may be involved
(Ramachandran and Jaeschke, 2019). APAP-induced
hepatocyte necrosis may overlap with mechanisms of
apoptosis and necroptosis, but no intergenerational
studies have confirmed that apoptosis or necroptosis
is the main form of hepatocyte death.

NAPQI protein adducts are considered the hall-
mark of hepatocyte necrosis, and subsequent cell death-
related signal transduction is closely related to mito-
chondria. NAPQI protein adducts were first discovered
in the 1970s, but their exact function has not yet been
well defined (Jollow et al., 1973). Twenty years later,
Tirmenstein and Nelson (1989) indicated that in mice
treated with APAP, NAPQI protein adducts accumu-
lated in hepatocyte mitochondria, and this accumula-
tion was accompanied by oxidative stress. Moreover,
there was remarkable liver damage in these mice.
However, these findings were not observed in mice
treated with the APAP isomer acetyl-m-aminophenol.
This result suggested that mitochondrial protein
adducts were associated with oxidative stress and the
pathogenesis of AILI (Tirmenstein and Nelson, 1989).
In mice with AILI, the formation of NAPQI protein
adducts appeared within 30 min after the administra-
tion of APAP and reached a peak at about 2—3 h,
while the formation of NAPQI protein adducts was
relatively delayed in humans (Xie et al., 2015).

Among a large number of potential pathological
factors related to AILI, NAPQI protein adducts can
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trigger mitochondrial oxidative/nitrosative stress.
NAPQI can bind to corresponding proteins in the
mitochondrial respiratory chain (MRC), causing the
leakage of electrons from the MRC to oxygen. This
contributes to the formation of superoxides, which
then induce oxidative/nitrosative stress (Lee et al.,
2015). Commonly, superoxide is catalyzed into hydro-
gen peroxide and oxygen by manganese superoxide
dismutase or reacts with nitric oxide (NO) to form
peroxynitrite. Hydrogen peroxide is scavenged by
antioxidant enzymes or directly reacts with GSH (Du
et al., 2016). When the mitochondrial GSH content
is decreased and the antioxidant enzyme activity is
inhibited by protein adducts, aggregated reactive
oxygen species (ROS) combine with NO to form
peroxynitrite. This results in the formation of protein
nitrotyrosine adducts, affecting the function of intracel-
lular proteins. Moreover, the strong polarity of per-
oxynitrite can also cause mitochondrial DNA (mtDNA)
damage (Cover et al., 2005). In addition, NAPQI can
inhibit adenosine triphosphate (ATP) synthesis by
binding to the a subunit of ATP synthetase. This trig-
gers the opening of mitochondrial membrane permea-
bility transition (MPT) pores, resulting in a decrease
in the mitochondrial membrane potential and a termi-
nation of energy synthesis via the tricarboxylic acid
cycle (Jaeschke et al., 2012). Moreover, NAPQI was
reported to function as an inhibitor of GSH synthase
by binding to it. This inhibition greatly reduced the
rate of NAPQI secretion and contributed to the extent
of APAP-mediated damage (Walker et al., 2017).
Therefore, in cases of damage to the energy gener-
ation of cells, it may affect the energy requirement and
induce ROS generation, cellular apoptosis, and calcium
imbalance. Based on the latest quantitative protein
mass spectrometry analysis, NAPQI can also form
adducts after binding to four mitochondrial antioxi-
dant proteins, which greatly reduces the ability of
mitochondria to resist oxidative stress (Bruderer et al.,
2015) (Fig. 2).

Increasing evidence indicates a close relationship
between endoplasmic reticulum stress (ERS) and
AILI ERS is associated with NAPQI-mediated dam-
age to the protein folding process and redox environ-
ment. Uzi et al. (2013) reported that NAPQI and un-
folded proteins in the endoplasmic reticulum (ER)
undergo a Michael addition reaction. NAPQI overload
induces ERS and stimulates the expression of CCAAT/
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Fig. 2 Mitochondrial oxidative/nitrosative stress and dysfunction. Excessive NAPQI in the mitochondria combines with
ATP synthase, GSH synthase, and oxidative respiratory chain enzymes to form protein adducts, which subsequently lead
to mitochondrial dysfunction and oxidative stress. NAPQI-ATP synthase hinders ATP synthesis and gradually triggers
the opening of MPT pores. The abnormality of MPT pores is exacerbated by the inhibition of ATP synthesis. NAPQI-GSH
synthase reduces GSH synthesis, weakens the excretion of NAPQI, and induces the formation of ROS. ROS can be
eliminated by the antioxidant enzyme system, but excessive ROS combine with free NO to form peroxynitrite, causing
mitochondrial DNA damage. NAPQI: N-acetyl-p-benzoquinone imine; ADP: adenosine diphosphate; ATP: adenosine
triphosphate; GSH: glutathione; ROS: reactive oxygen species; MPT: membrane permeability transition; NO: nitric

oxide.

enhancer-binding protein homologous protein (CHOP),
which promotes the expression of apoptotic genes
and inhibits liver regeneration. In addition, protein
synthesis involves a proper redox environment and
GSH homeostasis. After consumption of GSH during
ERS, the phosphorylation of o -subunit of eukaryotic
initiation factor 2 (elF20) and the activation of activat-
ing transcription factor 6 (ATF6) and CHOP were
observed (Yan et al., 2018). Torres et al. (2019) indi-
cated that valproic acid could increase sensitivity to
APAP-mediated liver injury in mice. The pathogen-
esis is correlated with the fact that ERS upregulates
the expression of acute regulatory proteins produced
by steroids and promotes the combination of SH3
homology-associated bruton tyrosine kinase-binding
(Sab) and phosphorylated c-Jun N-terminal kinase
(p-JNK). Specifically, oxidative stress/nitrative stress
promotes ERS, but it is not the decisive factor, as the
binding of NAPQI and immature protein in the ER
triggers ERS.

2.2 Consequence of mitochondrial oxidative/
nitrosative stress in the solute

Mitochondrial oxidative/nitrosative stress and
dysfunction induce the opening of MPT pores, which

contributes to liver cell damage and necrosis (Ramach-
andran and Jaeschke, 2019). MPT pores located in the
inner mitochondrial membrane are immediately opened
when a specific cysteine residue of cyclophilin D is
attacked by ROS (Ramachandran et al., 2011). In mice
treated with low-dose APAP (150 mg/kg), transient
JNK activation and reversible opening of MPT pores
were observed. In contrast, in the presence of a high
dose of APAP (300 mg/kg), irreversible MPT pore
opening and hepatocellular death were observed (Hu
et al., 2016a). All these results confirm that continuous
mitochondrial oxidative/nitrosative stress is the driving
force that opens the MPT pores. Upon opening of
the MPT pores, the outer mitochondrial membrane
ruptures, causing the release of many molecules with
molecular weights of less than 1.5 kDa from the
mitochondrial solutes into the matrix (Karch and
Molkentin, 2014). The leakage of mitochondrial
proteins, such as apoptosis-inducing factor (AIF),
cytochrome C, and endonuclease G, affects mitochon-
drial function and induces DNA fragmentation by
acting on mitochondria and nuclei. This is consistent
with the requirement for liver transplantation for
patients with severe hepatitis, which is caused mainly
by irreversible hepatocyte necrosis.



Damaged mitochondria and ROS are observed
in the matrix of hepatocytes with a large number of
NAPQI protein adducts, and then the self-defense
reaction in hepatocytes is activated. The resulting
lysosomes trigger the degradation of abnormal matrix
proteins and organelles. This process is called hepa-
tocyte autophagy (Moore, 2008). The autophagic
response is considered a defense mechanism of hepa-
tocytes. Ni et al. (2012) first reported the protective
effects of hepatocyte autophagy in mice with AILI,
and cultured primary hepatocytes by adding autophagy
antagonists and activators. Subsequently, the specific
clearance of the autophagic ability in hepatocytes con-
tributed to the generation of ROS and the activation
of JNK in a mouse model (Igusa et al., 2012). These
results confirm the protective roles of autophagy in
AILI Hepatocyte autophagy has been acknowledged
to participate in the clearance of abnormal protein
adducts and mitochondria, as well as the reduction of
mitochondrial stress and ERS, by regulating the ER
transition (Fig. 3).

2.3 Roles of JNK pathway activation in AILI

As stated above, the formation of mitochondrial
NAPQI protein adducts is closely related to mitochon-
drial oxidative stress and dysfunction. Compared with
the powerful antioxidant system inside mitochondria,
these changes are minimal and short-lived. Thus, some
other potential mechanisms may be involved in the
persistent activation of oxidative stress. Lemasters
(1998) proposed the “double-hit” theory of mitochon-
drial damage-related disorders in AILI. The first hit
referred to the depletion of mitochondrial GSH by
NAPQI, and the second hit related to the activation of
the ROS-mediated JNK signaling pathway (Moles
et al., 2018).

The activation of JNK continuously amplifies
mitochondrial oxidative stress and forms a closed
activation loop (Win et al., 2016). The first upstream
kinase molecule of interest is apoptosis signaling-
regulating kinase-1 (ASK-1), which regulates mainly
the late activation of JNK. In the cytoplasm, ASK-1
can combine with thioredoxin to form an inactive
complex under non-stressed conditions. Upon oxida-
tive stress in mitochondria, sustained release of mito-
chondrial ROS into the cytoplasm occurs, followed
by the dissociation and activation of ASK-1. Activated
ASK-1 phosphorylates mitogen-activated protein
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kinase kinase 4/7 (MKK4/7) and then triggers the
activation of JNK. Recently, extensive studies have
been conducted to investigate mixed lineage kinase-3
(MLK-3), an upstream signaling molecule. It has been
acknowledged that MLK-3 participates in the early
activation of JNK (Sharma et al., 2012). Additionally,
in the early stage of mitochondrial oxidative stress,
cytoplasmic ROS trigger the phosphorylation of
glycogen synthase kinase-3p (GSK-3f), which in turn
activates MLK-3 and JNK (Shinohara et al., 2010;
Yan et al., 2018). Sun et al. (2018) identified unc-51-
like kinase 1/2 (ULK1/2) as the third upstream kinase
that participates in the pathogenesis of AILI by phos-
phorylating MAPK4/7 and JNK. The subsequent
processes in the middle and downstream regions
include the phosphorylation of JNK and its rapid trans-
location to the mitochondria, where it binds to the Sab
protein on the mitochondrial outer membrane. Finally,
these phenomena result in MRC dysfunction and the
release of ROS (Win et al., 2016). It has been reported
that female mice with a low Sab protein concentration
are more resistant to AILI than their male counterparts
(Win et al., 2019). Pathological changes result in the
activation of the JNK signaling pathway, which leads
to the generation of ROS. Then, ROS act on the INK
signaling pathway, indicating that ROS and JNK signal-
ing pathways can form a closed loop.

The P53 protein is a tumor suppressor protein
that can be activated in response to moderate cell
stimulation. It is involved in regulating glycolysis and
oxidative phosphorylation, limits the production of
ROS, and promotes cell survival and genetic damage
repair (Kruiswijk et al., 2015). Unsurprisingly, P53
was reported to block the JNK signaling pathway in
AILIL Huo et al. (2017) found that the P53 protein can
protect cells against APAP-induced liver toxicity by
inhibiting the activation of INK. In addition, it partici-
pates in the maintenance of metabolic homeostasis and
activates cell proliferation signals to promote liver
cell regeneration (Borude et al., 2018) (Fig. 3).

2.4 Roles of P38 and extracellular signal-regulated
kinase (ERK) activation in AILI

In addition to JNK, many other compensatory
signaling pathways, such as P38 and ERK, are activated
in AILIL. The two members belonging to the MAPK
family, P38 and ERK, are involved in many cell func-
tions, such as cell proliferation, migration, death,
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Fig. 3 Roles of JNK, P38, and ERK activation in AILL. NAPQI in hepatocytes binds to enzymes on the MRC to produce
ROS, which are released into the matrix, and phosphorylates JNK through three different pathways. Phosphorylated
JNK (p-JNK) is ectopic to the vicinity of mitochondria, and combines with Sab to affect the electron transmission of
MRC and induce ROS production, indicating the existence of a feedback loop between ROS and JNK. Persistent
mitochondrial oxidative stress and dysfunction contribute to the opening of MPT pores and leakage of mitochondrial
solute into the matrix, such as AIF, endonuclease (Endo) G, and cytochrome C. This induces nucleic acid cleavage and
necrosis in liver cells. The stress response of the ER aggravates liver cell death. Hepatocytes produce self-defense reactions
to deal with the damage, including the production of P53 protein and autophagy. P53 protein reduces mitochondrial
damage by inhibiting p-JNK. Autophagosomes can clear up the protein adducts and the damaged mitochondria, to
regulate ER transition. P38 and ERK are activated in the process of AILI. The activation of ERK induces hepatocyte
apoptosis and pro-inflammatory gene expression of inflammatory cells. JNK: c-Jun N-terminal kinase; ERK: extracellular
signal-regulated kinase; AILI: acetaminophen-induced liver injury; NAPQI: N-acetyl-p-benzoquinone imine; MRC:
mitochondrial respiratory chain; ROS: reactive oxygen species; MPT: membrane permeability transition; AIF: apoptosis-
inducing factor; Sab: SH3 homology-associated bruton tyrosine kinase-binding protein; P: phosphorylated; GSK-3p:
glycogen synthase kinase 3f; MLK3: mixed lineage kinase 3; MKK: mitogen-activated protein kinase kinase; ASK:
apoptosis signaling-regulating kinase; ULK: unc-51-like kinase; GSH: glutathione; ER: endoplasmic reticulum; CHOP:
CCAAT/enhancer-binding protein homologous protein.

and oxidative stress (Wu et al., 2018). Several studies  2017; Fu et al., 2018). Based on these results, we can
found that the activation of P38 in AILI is always draw a general conclusion that P38 may be in-
accompanied by an increase in inflammation and he- volved in inflammation and hepatocyte apoptosis.
patocyte apoptosis (Ding et al., 2016; Zhang et al., However, note that while P38 is activated, JNK and



ERK are also activated. Zhang et al. (2017) found that
P38 does not contribute to the liver injury induced by
APAP. The role of P38 in AILI requires further study.
Similarly, previous studies showed that the activation
of ERK is associated with oxidative stress, inflamma-
tion, and apoptotic events in AILI (Zhang et al., 2017,
Liu et al., 2020). Inhibiting the activation of ERK
alone via drug intervention and interleukin-17 (IL-17)
deficiency can downregulate proinflammatory cytokine
production and decrease hepatocyte apoptosis in AILI
(Liao et al., 2017; Lee et al., 2018, 2019). Collectively,
we conclude that ERK participates in the process of
AILI by activating the downstream effectors of hepa-
tocyte apoptosis and inflammatory responses (Fig. 3).

3 Involvement of sterile inflammation in AILI
3.1 Generation and release of DAMPs

Hepatocytes undergoing cellular necrosis release
DAMPs, including cytokines and chemotactic factors.
Such signaling molecules activate other immunocytes
that are then recruited to liver tissues, further inducing
sterile inflammation. Sterile inflammation is a form of
pathogen-free inflammation that is chronic, but occurs
at a low level. Indeed, there is some controversy
regarding the role of sterile inflammation, as it can
eliminate necrotic cells and promote both tissue repair
and injury.

Cellular molecules, including DNA fragments,
heat shock proteins (HSPs), high mobility group box
1 (HMGBI1), and ATP, passively released after hepato-
cellular necrosis, are collectively termed DAMPs
(Kubes and Mehal, 2012). These molecules can bind
to pattern recognition receptors, including Toll-like
receptors (TLRs), receptors for advanced glycation
end products (RAGEs), and purinergic receptors on
liver immune cells, resulting in the activation of
immune cells. Then, these immune cells release cyto-
kines to exacerbate the inflammatory response.

Among the DAMPs, extensive attention has been
given to HMGB1. HMGBI is derived mainly from
the hypoacetylated form passively released by necrotic
hepatocytes and the hyperacetylated form actively
secreted by Kupffer cells (KCs). The appearance of
KCs suggests that they have entered a period of ster-
ile inflammation (Bonaldi et al., 2003). HMGBI can
bind to TLR4 on KCs and RAGE on neutrophils.
These immune cells then produce an immune response.
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On this basis, we assume that HMGB1 exerts proin-
flammatory effects. However, HMGBI1 alone does not
seem to cause a serious proinflammatory response.
According to a previous description, anti-HMGB1
antibodies reduce liver neutrophil recruitment, but they
cannot reverse liver injury (Yang et al., 2012).

AILI is characterized by the release of nuclear
and mitochondrial DNA into the circulation. DNA
fragments combine with TLR9 on KCs to induce the
production of pro-IL-18 and IL-la. Pro-IL-1P exerts
its biological effects after being hydrolyzed and cleaved
into IL-1p by caspase-1 (Imaeda et al., 2009). IL-1
has multiple subtypes, among which IL-1a and IL-1B
exert the most predominant proinflammatory effects.
Zhang et al. (2018) found that IL-1a can combine
with IL-1 receptor (IL-1R)" cells (mainly neutrophils
and monocytes) instead of IL-1B, and participate in
the secondary damage of AILI. In particular, IL-1R
deficiency exerts protective effects on hepatocytes.
Thus, it is reasonable to hypothesize that the IL-1-IL-
IR axis plays crucial roles in the pathogenesis of AILI.
In addition, the processing of pro-IL-1p by caspase-1
involves the activation of inflammasomes containing
nucleotide-binding domain, leucine-rich-containing
family, pyrin domain-containing-3 (Nalp3). Imaeda
et al. (2009) reported that administering a TLR9 anti-
body or aspirin to 7/r9"" mice to block the inflamma-
tory effect of Nalp3 can reduce the mortality of mice
with AILIL. This indicated that TLR9 mediates the
pathophysiological process of AILI.

HSPs and exohistones promote APAP-induced
liver inflammation by modulating the activity of TLR4
(Xu et al., 2011). It is possible that many different
DAMPs may participate in the progression of AILI.
Hence, the strategy of targeting only one molecule
may not be sufficient to eliminate the danger signals
triggered by DAMPs.

3.2 Roles of immune cell function in the patho-
genesis of AILI

In response to APAP-induced liver damage, the
immune system, including immune cells and cyto-
kines, is mobilized. In addition, innate immunity has
a major involvement in the AILI process (Fig. 4).

3.2.1 Kupfter cells

KCs, also known as liver-resident macrophages,
account for 80%—90% of systemic tissue macrophages
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induced liver injury; KCs: Kupffer cells; DAMP: damage-related molecular pattern; MoMF: monocyte-derived
macrophage; Ly-6C: lymphocyte antigen 6C; MHC-I: major histocompatibility complex-I; NK: nature killer; NKT:
natural Kkiller T; IL: interleukin; MIP1/2: macrophage inflammatory protein 1/2; RAGE: receptor for advanced
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species; HMGB1: high mobility group box 1 protein; TNF-0: tumor necrosis factor-a; IFN-y: interferon-y; GSH:

glutathione; CYPE1L: cytochrome P450 E1.

and 35% of liver nonparenchymal cells, and play a
central role in systemic and regional defense (Bilzer
et al., 2006). At the early stage of AILI, KCs are grad-
ually depleted due to increased metabolism and oxi-
dative stress. In the recovery phase, they are either
self-renewed or replaced by monocyte-derived macro-
phages (MoMFs) (Zigmond et al., 2014). Therefore, it
is reasonable to hypothesize that KCs participate in
AILL

When KCs are scavenged by the addition of dex-
tran sulfate or gadolinium chloride, the production of
ROS in the liver declines, which is accompanied by
pathological damage at the early stage. This protects
the liver from lobular liver injury (Michael et al.,
1999). However, these results are disputed. The ROS
generated by KCs around the portal vein are unlikely
to induce selective damage at the center of the liver
lobules. Additionally, nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidase is not a major source

of oxidation for all macrophages. Moreover, there is
no evidence that KCs induce liver damage by releas-
ing ROS. Most studies indicate that gadolinium chlo-
ride exerts little or no protective effects on liver dam-
age after clearing KCs. In addition, gadolinium chlo-
ride may even lead to aggravation of liver damage
(Fisher et al., 2013). Therefore, it is still uncertain
whether KCs can directly cause liver cell damage by
producing ROS.

3.2.2 Monocyte-derived macrophages

Circulating monocytes are recruited to sites of in-
flammation through the monocyte chemoattractant
protein-1 (MCP-1)/chemokine C-C-motif receptor 2
(CCR2) pathway, where infiltrating MoMFs are formed
(Antoniades et al., 2012). At the immature stage, the
infiltrating MoMFs are characterized by high lympho-
cyte antigen 6C (Ly-6C"*") expression. Subsequently,
their mature type is designated Ly-6C** MoMFs in the



presence of MCP-1, IL-6, and neutrophil-derived ROS
(Yang et al., 2019). Ly-6C"* MoMFs secrete more
IL-6 and IL-10, and at the same time, their phagocy-
totic abilities are enhanced. Ly-6C** MoMFs inhibit
the recruitment and activation of neutrophils and
induce the expression of vascular endothelial growth
factor (VEGF). Moreover, these cells promote remodel-
ing of the microvascular system during liver recov-
ery, which is crucial for the recovery of hepatocytes
(Ehling et al., 2014). Immature Ly-6C"*" MoMFs
secrete mainly proinflammatory mediators (e.g., IL-6,
tumor necrosis factor-a (TNF-a), and IL-1p) to promote
the activation and survival of neutrophils (Jaeschke
and Ramachandran, 2020). Studies on MoMFs have
focused mainly on blocking their recruitment. It was
reported that the number of MoMFs was reduced by
80% in CCR2"" or MCP-I"" mice and in mice with
AILI treated with an anti-CCR2 antibody. These changes
exert no effects on APAP-induced liver damage, but
they contribute to the delay of liver cell repair and
vascular regeneration (Dambach et al., 2002; Jaeschke
and Ramachandran, 2020). These results strongly
indicate that mature Ly-6C™ MoMFs play protective
roles in AILI.

3.2.3 Neutrophils

Neutrophils are recruited to necrotic areas by cy-
tokines or DAMPs secreted by KCs, and they then co-
ordinate with liver macrophages to remove necrotic
liver cells and tissues (Krenkel et al., 2014). Subse-
quently, KCs or MoMFs release macrophage inflam-
matory protein 1/2 (MIP1/2) and IL-6, which further
induce neutrophil aggregation (Woolbright and Jae-
schke, 2018). The activated neutrophils are potentially
toxic.

Most studies have suggested that neutrophils do
not trigger the aggravation of liver damage. First, the
quantity of neutrophils is increased at the early stage
(Lawson et al., 2000), which suggests that the in-
crease in neutrophil number causes damage in AILL
Then, changes in neutrophil quantity either aggravate
or reduce liver damage. However, the current data are
controversial. The administration of endotoxin or ex-
ogenous IL-1 contributes to the elevation of liver neutro-
phil numbers in mice without worsening liver damage
(Williams et al., 2010). In addition, liver damage is not
ameliorated by the addition of anti-lymphocyte antigen
6G antibodies to deplete neutrophils, interference
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with DAMPs to reduce neutrophil recruitment, or use
of granulocyte colony-stimulating factor”™ (G-CSF™)
mice to decrease neutrophil production (Kono et al.,
2010; Yang et al., 2019). The combination of cluster
of differentiation 11b (CD11b)/CD18 and intercellular
cell adhesion molecule-1 (ICAM-1) is a sign of neutro-
phil activation, and these molecules are essential for
neutrophil migration and tissue damage (Jaeschke and
Ramachandran, 2020). Lawson et al. (2000) found that
the number of neutrophils in the liver increases within
24 h after APAP overdose, and anti-CD18 antibodies
do not trigger liver damage. This indicates that these
neutrophils are not activated. Similarly, APAP over-
dose does not trigger a decrease in liver damage in
CDI8" or ICAM-I"" mice (Cover et al., 2006; Williams
et al., 2010). These results indicate that inactive neu-
trophils have no effect on APAP-induced liver tox-
icity. Neutrophils can kill target cells through the gener-
ation of ROS derived from NADPH oxidase in mice
with acute liver injury. However, interventions, in-
cluding the use of NADPH oxidase inhibitors or gp9/™"
(NADPH oxidase-deficient) mice, cannot protect the
liver from APAP overload (Cover et al., 2006; Williams
et al., 2014).

Currently, few data support the exacerbation of
liver damage by neutrophils. In some studies, specific
antibodies were used in advance to deplete neutrophils
(Marques et al., 2012). However, inactivated neutro-
phils feedback to promote the activation of KCs after
intervention, leading to activation of hepatocyte genes
in the acute phase and increased resistance to APAP
toxicity in mice (Jaeschke and Liu, 2007). Therefore,
protective effects rather than neutrophil deficiency are
induced in the acute phase. Similarly, using antibodies
to deplete neutrophils after APAP application does not
ameliorate liver damage in AILI mice (Cover et al.,
2006; Yang et al., 2019). Recently, the number of acti-
vated neutrophils was shown to be increased in mouse
models and patients, and that these neutrophils can
promote tissue repair during liver recovery (Williams
et al., 2014; Yang et al., 2019). Moreover, the ROS
released by neutrophils can promote the maturation
of Ly-6C"" MoMFs and coordinate inflammation
suppression and tissue repair (Yang et al., 2019).

In summary, the roles of neutrophils in AILI are
not well defined, as the process is rather complex.
This may be related to the quantity, location, and life-
span of neutrophils.
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3.2.4 NK cells and NKT cells

NK cells and NKT cells, which have common bio-
logical activitiy, are usually investigated simultaneously
in liver diseases (Jaeschke and Ramachandran, 2020).
They are the most important cell groups that secrete
interferon-y (IFN-y), and they can induce hepatocyte
apoptosis by mediating leukocyte infiltration and pro-
ducing NO. In a previous study, the administration of
anti-IFN-y antibodies decreased liver damage and
greatly reduced mortality (Ishida et al., 2002). In add-
ition, liver neutrophil aggregation and recombinant
factor-related apoptosis ligand (FasL) expression are re-
duced upon the addition anti-NK/NKT antibodies,
which significantly reduces liver damage (Liu et al.,
2004). These findings proved the destructive effects
of NK/NKT cells in the AILI process.

AILI is more pronounced in CDId"~ mice with
congenital NKT deficiency (Martin-Murphy et al.,
2013). These knock-out (KO) mice have elevated
levels of cytochrome P2E1 (CYP2E1) enzyme and
protein adducts, which indicates that NKT cells play
a protective role in interfering with APAP metabolism
(Martin-Murphy et al., 2013). However, in Ja /8" mice
(deficient in innate immune T cells and Val4iNKT
cells), an increase in the GSH levels in KO mice
accelerates the secretion of NAPQI and ROS/NO,
which contributes to the protection of liver cells (Downs
et al., 2012). In summary, more studies are required
to confirm the roles of NK/NKT cells in AILL

3.3 Cytokines secreted by immune cells

Immune cells have variable degrees of influence
on the AILI process, and a single cytokine may play a

role. These cytokines, including ILs (e.g., IL-1, IL-6,
IL-10, and IL-22) and TNF-a, have been shown to
aggravate or reduce liver damage by modulating
APAP metabolism and sterile inflammation. Most
cytokines participate in the process of AILI by affect-
ing the recruitment and activation of neutrophils
(Tables 1 and 2). Different cytokines perform various
actions, but even the same cytokine may exert opposite
effects. Therefore, it is difficult to draw a clear conclu-
sion, as there might be variations even in a single
study with different experimental settings.

3.4 Association between the gut-liver axis and AILI

In recent years, due to the reciprocal interaction
between the gut and liver in normal physiology and
disease, a new concept has emerged termed the gut—
liver axis. Many studies have revealed that the gut—
liver axis is involved in various liver diseases, such as
liver tumors, liver fibrosis, and alcoholic steatohepatitis
(Yan et al., 2011; Seki and Schnabl, 2012; Yoshimoto
et al., 2013). Gong et al. (2018) found that gut micro-
bial metabolites are responsible for the diurnal vari-
ation in AILI in mice. Due to the depletion of GSH by
gut microbial metabolites at night, the liver toxicity
caused by APAP in mice increases (Gong et al., 2018).
Later, Schneider et al. (2021) found that liver injury is
exacerbated in nucleotide-binding oligomerization

domain (NOD)-like receptor family pyrin domain-
containing 6 (Nlrp6)”" mice, which is a dysbiotic
mouse model, and fecal transplantation from Nlrp6™
mice into normal mice resulted in aggravated liver
injury and an Ly-6C™" inflammatory phenotype, sug-
gesting that intestinal dysbiosis affects AILI. This

Table 1 Well-defined cytokines involved in the pathogenesis of AILI

Cytokine Effect Role in the pathogenesis of AILI Reference

IL-4 Protective Upregulates y-glutamylcysteine ligase; promotes GSH production; reduces INK ~ Ryan et al., 2012
activation.

IL-15 Recruits more neutrophils to the liver in /L-15"" mice; increases sensitivity to Hou et al., 2012
liver injury by inducing nitric oxide synthase.

IL-13 Aggravates sterile inflammatory response in the presence of an Yee et al., 2007
anti-IL-13 antibody or in JL-13"" mice.

IL-la  Damaging Promotes the infiltration of neutrophils and monocytes, which aggravate Zhang et al., 2018
inflammation; in IL-1R KO mice, liver damage was delayed.

IL-17 Be secreted by y0 T cells; promotes neutrophil infiltration, which then Wang et al., 2013;

subsequently triggers liver damage; enhances MPO activity and inflammatory

Leeetal., 2018

response by activating the ERK signaling pathway.

AILI: acetaminophen-induced liver injury; IL: interleukin; GSH: glutathione; JNK: c-Jun N-terminal kinase; IL-1R: IL-1 receptor; KO: knock-out;

MPO: myeloperoxidase; ERK: extracellular signal-regulated kinase.
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Table 2 Cytokines with controversial roles in the pathogenesis of AILI

Cytokine  Effect

Role in the pathogenesis of AILI

Reference

TNF-o  Protective

In TNFR p55-deficient mice, the expression of antioxidant genes decreases

Chiu et al., 2003

and the regeneration of hepatocytes is impaired.

Damaging Anti-TNF-a antibody delays liver damage in mice. TNF-a enhances the
expression of chemokines, IFN-y and iNOS, which are involved in liver

damage.

No In the presence of anti-TNF-a antibody, anti-TNFR antibody, or in

Blazka et al., 1995;
Ishida et al., 2004

Boess et al., 1998

TNF-o”" mice, there was no significant change in liver damage.

Scheiermann et al., 2013;
Mo et al., 2018

Feng et al., 2014

Kleinschmidt et al., 2017

Bourdi et al., 2002

Berry et al., 2010
Simpson et al., 2000
Gao et al., 2020

IL-22  Protective Exogenous IL-22 prevents mitochondrial dysfunction, reduces the release
of inflammatory factors, and promotes liver cell regeneration by
activating STAT3; IL-22 can enhance AMPK-dependent autophagy and
prevent liver injury.

Damaging In IL-22 transgenic mice, CYP enzyme and protein adduct levels
are increased, and liver damage is exacerbated.

No IL-22 cannot prevent liver damage, but IL-22-binding protein can reduce
liver damage.

IL-10  Protective IL-10 can inhibit the release of pro-inflammatory mediators and reduce the
expression of iNOS synthase.

Damaging In AILI patients, higher IL-10 levels indicated a poor prognosis.
No Exogenous IL-10 infusion does not exacerbate liver damage in mice.

IL-6 Protective IL-6 upregulates HSPs and activates the STAT3 signaling pathway to

prevent liver cell damage.

Damaging High IL-6 levels are positively correlated with mortality in AILI patients.

Moore et al., 2013

AILI: acetaminophen-induced liver injury; TNF-a: tumor necrosis factor-a; IL: interleukin; TNFR: TNF receptor; IFN-y: interferon-y;
iNOS: inducible nitric oxide synthase; STAT3: signal transducer and activator of transcription 3; AMPK: adenine monophosphate-activated

protein kinase; CYP: cytochrome P450; HSP: heat shock protein.

study also showed that long-term antibiotic or proton
pump inhibitor intake increased the risk of developing
AILL In summary, these findings show that intestinal
dysbiosis aggravates AILI, and that the gut microbiota
has an important function during AILI (Fig. 4).

4 Hepatocyte regeneration

Acute liver injury causes compensatory liver
regeneration. In most cases, the remaining hepatocytes
can proliferate and renew in the presence of signal
mediators and nonparenchymal cells (Fig. 5). However,
the proliferation of hepatocytes is inhibited in cases of
severe liver injury, and cells derived from the bile duct
produce bipotent progenitor cells that differentiate into
hepatocytes (Michalopoulos, 2007).

4.1 Signal mediators

The main mitogens involved in hepatocyte prolif-
eration in liver tissues include transforming growth
factor-a (TGF-a), epidermal growth factor (EGF), and
hepatocyte growth factor (HGF). Both EGF and TGF-a
can bind to EGF receptor (EGFR). Moreover, the bind-
ing of HGF to the cellular mesenchymal epithelial
transition factor (c-MET) receptor also contributes
to hepatocyte regeneration (Michalopoulos, 2007).
Increasing evidence indicates that mouse EGFR and
c-MET are significantly activated and that EGFR
inhibitors can completely inhibit the proliferation of
hepatocytes in the recovery phase of AILI (Bhushan
et al., 2014, 2017a). However, single mitogen stimula-
tion cannot improve liver regeneration or survival
(Bhushan et al., 2014). Indeed, not all cytokines
contribute to the regeneration of hepatocytes. In
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Fig. 5 HPCs regenerated under the action of signal mediators and immune cells. Immune cells (e.g., macrophages and
neutrophils) involved in the scavenging of necrotic liver cells and tissues provide space for the survival of HPCs.
Meanwhile, the vascular endothelium proliferates under the action of VEGF and participates in liver microangiogenesis.
The nonparenchymal cells of the liver can secrete various cytokines, for example, EGF and HGF, and promote the
regeneration of hepatic progenitor cells through different signal proliferation pathways. The regeneration process of
hepatocytes can be affected through external intervention, for instance, the use of EGFR inhibitors, TGF inhibitors, or
HSCs. HPCs: hepatic progenitor cells; TGF: transforming growth factor; TGF-pR: TGF-p receptor; TNF-a: tumor
necrosis factor-o; VEGF: vascular endothelial growth factor; EGF: epidermal growth factor; HGF: hepatocytes growth
factor; IL: interleukin; EGFR: EGF receptor; HSCs: hepatic stellate cells; SCF: stem cell factor; c-MET: cellular

mesenchymal epithelial transition factor.

addition, some other growth factors, such as TGF-j,
promote hepatocyte senescence and inhibit the regen-
eration of hepatocytes. An improvement in the regen-
eration and survival rate of hepatocytes in AILI
mice is observed in the presence of TGF-f inhibi-
tors or TGF-f receptor inhibitors (Bird et al., 2018).
Thus, we hypothesize that there might be rapid liver

regeneration after the escape of hepatocytes from
TGF-B inhibition.

In the process of liver regeneration, cytokines
function as initiating factors rather than direct mitogens
(Michalopoulos, 2007). The TNF-a—TNF receptor
pS5 axis can attenuate liver damage and promote
liver regeneration in AILI mice (James et al., 2005).



Elevation of TNF-a triggers the activation of the nu-
clear factor-kB (NF-«kB) pathway and promotes the
expression of cyclin D1, a well-known key regulator
of the cell cycle (Yang et al., 2011). Low expression
of cyclin D1 is associated with a decrease in hepatocyte
regeneration (Yang et al., 2009). In addition, acti-
vation of the IL-6/signal transducer and activator of
transcription 3 (STAT3) signaling pathway contributes
to liver regeneration in AILI mice (Bhushan et al.,
2014). Liver regeneration is significantly impaired in
IL-6" mice, but regeneration recovers upon the ad-
ministration of exogenous IL-6 to KO mice (James
et al., 2003). According to a previous report, a sin-
gle IL-6/STAT3 signal is not sufficient to enhance
liver regeneration (Bhushan et al., 2014). In addition,
IL-22 reduces liver damage by activating STAT3 and
promotes hepatocyte regeneration in AILI mice (Schei-
ermann et al., 2013). Similarly, TNF-a participates in
the activation of liver regeneration, which is also ac-
companied by the activation of STAT3 (James et al.,
2005). These data show that the interacting network of
cytokines involved in liver regeneration is complex
and dynamic, and there is a crosstalk with STAT3 acti-
vation signals. In addition, soluble stem cell factor
(SCF) was found to contribute to the proliferation of
hepatocytes and increase the survival of AILI mice
(Hu and Colletti, 2008). On this basis, we speculate
that SCF plays important roles in liver regeneration.

4.2 Nonparenchymal cells

Clearance of necrotic cells is a prerequisite for
the formation of new hepatocytes. Scavenger cells in-
clude mainly macrophages and neutrophils. The CCR2
receptor of blood-derived MoMFs receives the MCP-1
signal secreted by KCs, and then the MoMFs migrate
to the liver to remove necrotic tissues (Antoniades
et al., 2012; Krenkel et al., 2014). In CCR2™ AILI
mice, there was less accumulation of MoMF in the
liver, accompanied by delayed remission of liver in-
jury. These results prove the role of MoMF in liver re-
generation (Holt et al., 2008). Macrophages can pro-
duce mitogens (e. g., HGF, TGF-a, and TGF-B) and
cytokines (e.g., IL-6 and TNF-a), which are crucial
for liver regeneration. Additionally, MoMFs can up-
regulate VEGF expression, which promotes sprouting
angiogenesis within the portal vein tract (Ehling et al.,
2014). Another component involved in the scaveng-
ing of necrotic tissues is neutrophils. Williams et al.

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2022 23(4):265-285 | 277

(2014) reported that the number of neutrophils in-
creases during the recovery from AILI, and that these
cells are in an activated state without ROS-induced
toxicity. Then, the ROS released by neutrophils pro-
mote the maturation of MoMF and coordinate macro-
phages to participate in liver tissue repair (Yang et al.,
2019).

Hepatic stellate cells (HSCs) and endothelial cells
are important parts of the “niche” of liver parenchymal
cells, which is crucial for maintaining liver morphology
and function. HSCs are the main source of HGF in the
liver (Bhushan and Apte, 2019). Many studies have
indicated that clearance of activated HSCs triggers
hepatocyte apoptosis, which then hinders liver regen-
eration. In the presence of HSC-derived paracrine
factors, liver cell death is reduced to some extent, to-
gether with an increase in liver cell regeneration
(Chang et al., 2017). However, these studies could not
determine the direct effects of HSCs on liver regener-
ation. Endothelial cells are involved in angiogenesis
and microvascular repair (Bhushan and Apte, 2019).
VEGF is the mitogen of endothelial cells, and the
expression of VEGF and VEGF receptor (VEGFR) is
increased in AILI. Blockade of the VEGF-VEGFR
axis reduces liver regeneration and the survival rate in
AILI mice (Donahower et al., 2006). In contrast, the
application of human recombinant VEGF in mice with
AILI can reduce liver toxicity and increase liver cell
regeneration (Donahower et al., 2010). These results
indicate that endothelial cells might be involved in liver
regeneration in AILIL

5 Treatment options for AILI

The FDA recommends the oxygen free radical
scavenger NAC as the only treatment option for
patients with AILI. However, adverse drug reactions
and narrow therapeutic windows have limited its use.
Therefore, there is a need to develop drugs that are
superior to NAC in terms of efficacy and treatment
time. In recent years, in-depth studies have provided
us with new drugs and therapeutic strategies for the
treatment of AILI.

5.1 Traditional NAC treatment

NAC was first approved for treating AILI in clin-
ical practice in the UK. NAC is the only drug approved



278 | J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2022 23(4):265-285

for the clinical treatment of AILI, and it eliminates
NAPQI by supplementing GSH, which protects against
liver damage by preventing the formation of NAPQI
protein adducts (Corcoran and Wong, 1986). In add-
ition, the latest study demonstrated that NAC can be
metabolized into Krebs cycle intermediates, which are
involved in the synthesis of mitochondrial ATP and
reduce hepatocyte damage (Saito et al., 2010).

5.2 Novel mitochondria-targeted treatment

Over the years, extensive results have highlighted
the important role of mitochondrial dysfunction in
AILI. Therefore, targeted damaged mitochondrial
therapy may be a new treatment strategy.

First, some drugs for the non-targeted treatment
of AILI have proven to exert therapeutic effects by
regulating mitochondrial dysfunction. For example,
fomepizole (4MP), which has been used to treat alco-
holism, shows a therapeutic effect on AILI in accidental
clinical practice. 4MP prevents JNK activation and
reduces GSH consumption and the formation of protein
adducts to protect against liver injury (Akakpo et al.,
2018). It has shown positive therapeutic effects in pre-
clinical trials (Rasamison et al., 2020), indicating that
4MP may be an important adjuvant therapy for NAC.
Metformin, which is used clinically in the treatment
of diabetes, has been used to treat AILI in some experi-
ments, as it can inhibit the oxidative stress of complex
I in MRC. Moreover, metformin showed protective
effects on mitochondrial oxidative stress in AILI models
(Saeedi Saravi et al., 2016). Lee et al. (2015) first
investigated the treatment efficiency of AILI with
methylene blue, which is used to treat methemoglo-
binemia and is involved in the balance of electrons in
the cytoplasm by reducing oxidized substances in cells.
Lee et al. (2015) indicated that methylene blue can
accept the free electrons leaked from the MRC and is
involved in the subsequent transfer of these electrons
to cytochrome C, which thereby reduces mitochondrial
dysfunction and cellular necrosis. Minocycline, a mito-
chondrial Ca* and Fe* uniporter (MCFU) inhibitor,
protects primary mouse liver cells treated by APAP by
inhibiting Fe* from entering mitochondria and protect-
ing mitochondria from further damage. Additionally,
since minocycline is a drug approved by the FDA,
the protective effect of minocycline on APAP-mediated
injury in vivo should be explored in the future (Hu
et al., 2016b).

Second, herbal therapy exhibits a beneficial effect.
Wauzhi tablets extracted from Schisandra sphenanthera
Rehder & E.H. Wilson are widely used for liver
support in many Chinese regions. In an AILI mouse
model, Wuzhi tablets reduced APAP-induced JNK
activation in a dose-dependent manner and inhibited
the formation of ROS (Fan et al., 2014). Rezende et al.
(2014) found that Baccharis dracunculifolia leaf
extract relieves liver damage in mice with AILI by
improving 2,2-diphenyl-1-picrylhydrazyl (DPPH)
antioxidant activity, showing hepatoprotective prop-
erties. Another study found that Glossogyne tenuifolia
Cassini increases GSH and inhibits lipid peroxidation,
thus showing hepatoprotective capacities in mice with
APAP-induced liver damage (Tien et al., 2014). How-
ever, some experts think that herbal therapy is not feas-
ible for AILI patients (Akakpo et al., 2020). Because
most of these experimental data come from animal
experiments, these experts believe that this approach is
not realistic for clinical application because it requires
long-term treatment and large amounts of herbal medi-
cine. Of course, herbal medicine has been widely used
clinically in China and other Asian countries. We
believe that through the prospective verification of
clinical trials, herbal therapies for liver damage caused
by APAP will have certain application prospects (Chang
et al., 2020).

Furthermore, some other interesting approaches
are emerging. Trnka et al. (2008) first reported a new
Mito-Tempo compound formed by the combination
of piperidine nitrogen oxide (Tempo) and triphenylphos-
phonium (TPP"), which exerts mitochondrial-targeted
antioxidant effects. Du et al. (2017b) found that Mito-
Tempo has a strong ability to remove mitochondrial oxi-
dative stress and reduce damage in a dose-dependent
manner. They used the mitochondrial biogenesis in-
ducer N-[2-[3-(piperazin-1-ylmethyl)imidazo[2,1-b]
[1,3]thiazol-6-yl]phenyl]quinoxaline-2-carboxamide
(SRT1720) to successfully increase peroxisome
proliferator-activated receptor y (PPARY) coactivator
1-a expression and liver regeneration, thereby prevent-
ing advanced liver damage after APAP overdose (Du
et al., 2017a). Barbier-Torres et al. (2017) discovered
a new type of methylation-controlled J protein (MCJ)-
small interfering RNA (siRNA) gene therapy method
for treating AILI. MCJ is a mitochondrial oxidation
respiratory chain inhibitor. Barbier-Torres et al. (2017)
silenced MCJ to protect mice with AILI from liver



damage. Of course, exogenous mitochondrial implant-
ation may be another effective strategy for the treat-
ment of AILI. Shi et al. (2018) injected human mito-
chondria into AILI mice, thereby increasing the energy
supply of liver cells, reducing oxidative stress, and re-
ducing tissue damage. In summary, as the hub of the
pathogenesis of AILI, mitochondria are an attractive
target for the treatment of APAP-mediated liver toxicity.

5.3 Other treatment options

Several novel and specific treatment methods for
AILI are being tested in many preclinical studies,
including a compensatory survival signal pathway
nuclear factor erythroid 2-related factor 2 (Nrf2)
activator (Fan et al., 2018; Wang et al., 2018), auto-
phagy inducer (Kang et al., 2019), ERS inhibitor (Uzi
et al., 2013), sterile inflammation regulator (Cai et al.,
2014; Patel et al., 2016), and liver regeneration repair
agent (Soeda et al., 2014; Bhushan et al., 2017b).
However, note that there might be opposite effects
at different stages for certain cellular events. JNK is
involved in hepatocyte necrosis in the early stage, and
it also plays an important role in liver regeneration.
Therefore, when developing new drugs, researchers
should pay attention to the following points: (1) What
is the basic functional mechanism by which the drug
acts? (2) Which stage of the disease it is suitable for?
(3) Is it active for a long time? (4) Does the drug itself
have some potential toxicity?

6 Conclusions

The mechanisms underlying AILI are intricate,
ranging from hepatocyte necrosis to aseptic inflamma-
tion to liver regeneration, and are related to a variety
of intracellular and extracellular events. In the initial
stage after overdose, APAP is rapidly metabolized to
toxic NAPQI, which forms a large number of protein
adducts with cellular proteins, leading to mitochondrial
and cellular dysfunction followed by hepatocyte
necrosis. In the second stage, DAMPs released by
necrotic hepatocytes cause the recruitment of inflam-
matory cells and the production of cytokines, eventually
leading to aseptic inflammation. The third stage is
liver regeneration. After the initiation of strong liver
regeneration compensation, liver damage can be
resolved, and liver function gradually recovers. If liver
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regeneration fails, severe organ failure and death will
eventually occur.

Based on the cellular events involved in various
stages, several treatment methods have been proposed.
In addition to the commonly used NAC, there are
many other promising options, such as mitochondria-
targeted treatments, Nrf2 activators, and autophagy
inducers. However, due to the intricacies of cell signal
transduction, it is difficult to achieve positive test
results, and much more research will be needed in the
future.
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