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ABSTRACT

Liver injury and acute liver failure caused by acetaminophen (APAP, N-acetyl-p-aminophenol, paracetamol) overdose is a
significant clinical problem in most western countries. The only clinically approved antidote is N-acetylcysteine (NAC),
which promotes the recovery of hepatic GSH. If administered during the metabolism phase, GSH scavenges the reactive
metabolite N-acetyl-p-benzoquinone imine. More recently, it was shown that NAC can also reconstitute mitochondrial GSH
levels and scavenge reactive oxygen/peroxynitrite and can support mitochondrial bioenergetics. However, NAC has side
effects and may not be efficacious after high overdoses. Repurposing of additional drugs based on their alternate
mechanisms of action could be a promising approach. 4-Methylpyrazole (4MP) was shown to be highly effective against
APAP toxicity by inhibiting cytochrome P450 enzymes in mice and humans. In addition, 4MP is a potent c-Jun N-terminal
kinase inhibitor expanding its therapeutic window. Calmangafodipir (CMFP) is a SOD mimetic, which is well tolerated in
patients and has the potential to be effective after severe overdoses. Other drugs approved for humans such as metformin
and methylene blue were shown to be protective in mice at high doses or at human therapeutic doses, respectively.
Additional protective strategies such as enhancing antioxidant activities, Nrf2-dependent gene induction and autophagy
activation by herbal medicine components are being evaluated. However, at this point, their mechanistic insight is limited,
and the doses used are high. More rigorous mechanistic studies are needed to advance these herbal compounds.
Nevertheless, based on recent studies, 4-methylpyrazole and calmangafodipir have realistic prospects to become
complimentary or even alternative antidotes to NAC for APAP overdose.
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Acetaminophen (APAP, N-acetyl-p-aminophenol, paracetamol)
is one of the most used drugs in the world. At therapeutic doses,
it is an effective analgesic and antipyretic drug that is generally
well tolerated by adults and children. Therefore, it is present in
numerous prescription and over-the-counter medicines.
However, due to the wide availability of APAP-containing drugs,
patients can intentionally or unintentionally overdose. An

overdose of APAP can lead to extensive liver injury and even
acute liver failure (Fisher and Curry, 2019). In fact, APAP over-
dose is responsible for almost half of all acute liver failure cases
in the United States and in many other western countries (Lee,
2013). Despite the clinical significance of APAP hepatotoxicity,
only 1 antidote, N-acetylcysteine (NAC), is currently approved
for clinical use (Rumack and Bateman, 2012). Despite numerous
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studies over the last 40 years showing beneficial effects of many
compounds, none of these chemicals besides NAC was success-
fully developed as a clinical antidote against APAP toxicity. The
main reason is that de novo drug development is expensive and
given the relatively limited number of patients affected by APAP
toxicity, the expense is difficult to justify. In addition, many of
these animal or in vitro studies are of poor quality, which ques-
tions whether such interventions would be effective in patients.
Therefore, a more realistic approach would be to repurpose
existing drugs based on a solid mechanistic understanding veri-
fied in humans. The current contemporary review summarizes
the progress made in this area in recent years.

BASIC MECHANISMS OF ACETAMINOPHEN
HEPATOTOXICITY

Early studies by Mitchell and colleagues laid the foundation for
the current mechanistic understanding of the pathophysiology
by introducing a mouse model of APAP hepatotoxicity (Jollow
et al., 1973; Mitchell et al., 1973). These papers showed the im-
portance of P450-dependent reactive metabolite formation,
which causes extensive depletion of hepatic GSH and covalent
binding of this metabolite to cellular proteins as a prerequisite
for the liver injury (Jollow et al., 1973; Mitchell et al., 1973).
Today, we understand that this reactive metabolite is N-acetyl-
p-benzoquinone imine (NAPQI) and that it is not the general
adducts formation at all cellular proteins but more adducts to
mitochondrial proteins that are most critical for the initiation of
the injury (Tirmenstein and Nelson, 1989; Xie et al., 2015). This
effect triggers a mitochondrial oxidant stress, which is essential
for the cell death mechanism (Du et al., 2016a). However, the ini-
tial protein adducts on mitochondria seem to trigger only a lim-
ited oxidant stress, which is responsible for the activation of a
mitogen-activated protein kinase cascade resulting in the phos-
phorylation of c-Jun N-terminal kinase (JNK) in the cytosol (Du
et al., 2015; Han et al., 2013) (Figure 1). P-JNK then translocates to
mitochondria and binds to the anchor protein Sab on the outer
mitochondrial membrane (Win et al., 2011), which then triggers
the activation and release of protein tyrosine phosphatase, non-
receptor type 6 (SHP1 or PTPN6) on the inside of the mitochon-
drial outer membrane. SHP1 transfers to the inner membrane,
where it inactivates (dephosphorylates) P-Src leading to a fur-
ther impairment of the electron transport chain and additional
leakage of electrons (Win et al., 2016). Thus, JNK activation and
mitochondrial P-JNK translocation amplifies the original oxi-
dant stress sufficiently to induce the mitochondrial membrane
permeability transition pore (MPTP) opening (Kon et al., 2004).
Importantly, the superoxide generated in the mitochondrial
matrix reacts with nitric oxide to form peroxynitrite, a potent
oxidant and nitrating species (Cover et al., 2005), which is con-
sidered the actual toxic intermediate (Knight et al., 2002). The
importance of peroxynitrite has been demonstrated by the ag-
gravation of APAP-induced injury in heterozygous MnSOD-
deficient mice (Ramachandran et al., 2011). In addition, the mi-
tochondria targeting SOD mimetic Mito-Tempo eliminated
nitrotyrosine staining and the injury (Du et al., 2017a). These
data solidly established a JNK-amplified mitochondrial oxidant/
nitrosative stress at the center of the injury mechanism and as
potential therapeutic target (Du et al., 2016a) (Figure 1). Whereas
the mitochondrial electron transport chain as source of super-
oxide is well established, the source of nitric oxide is less clear.
Although the inducible nitric oxide synthase can contribute un-
der certain circumstances (Bourdi et al., 2002), more recent

studies suggest a neuronal NOS in the mitochondria as likely
source (Agarwal et al., 2012; Banerjee et al., 2015).

The mitochondrial oxidant stress together with the mito-
chondrial uptake of lysosomal iron causes the MPTP opening
(Kon et al., 2010), which triggers the collapse of the mitochon-
drial membrane potential and leads to matrix swelling and rup-
ture of the outer mitochondrial membrane with release of
intermembrane proteins including endonuclease G and apopto-
sis inducing factor (Bajt et al., 2006). These proteins translocate
to the nucleus and cause DNA fragmentation (Bajt et al., 2006,
2011). Although the MPTP opening and membrane depolariza-
tion can be reversible after low overdoses of APAP, higher doses
lead to irreversible MPTP opening and DNA fragmentation (Hu
et al., 2016). Thus, matrix swelling with release of intermem-
brane proteins and extensive DNA fragmentation may be the
point-of-no-return for the cells on its pathway to necrosis. In
addition to these signaling mechanisms leading to cell death,
there are adaptive responses that can limit cell death at the pe-
riphery of the necrotic areas (Ni et al., 2013). Mitophagy can re-
move some of the damaged mitochondria (Ni et al., 2012) and
mitochondrial biogenesis can restore mitochondrial homeosta-
sis in the cell and prepare for regeneration (Du et al., 2017b). In
addition, the redox-sensitive transcription factor Nrf2 (Nuclear
factor E2-related factor 2), which regulates many drug metabo-
lism enzymes and defense proteins including the enzymes that
synthesize GSH (Aleksunes and Manautou, 2007), can be acti-
vated during APAP-induced cellular stress (Goldring et al., 2004).
Nrf2-deficient mice showed a high sensitivity to APAP toxicity
(Enomoto et al., 2001) and mice with constitutive activation of
Nrf2 were highly resistant (Okawa et al., 2006). Many of these
aspects of the intracellular signaling mechanism of cell death
and the adaptive responses can be viable targets for therapeutic
interventions (Figure 1).

ESTABLISHED AND EMERGING THERAPIES
AGAINST ACETAMINOPHEN HEPATOTOXICITY
N-Acetylcysteine

After the recognition of the basic mechanisms of toxicity in-
cluding reactive metabolite generation, GSH depletion and the
P450-dependent protein adduct formation in the early 1970s,
several compounds were tested with the goal to replenish the
hepatic GSH content. N-acetylcysteine quickly emerged as the
preferred antidote because of its high efficacy, limited side
effects and importantly, this was already a clinically approved
drug to thin mucus in certain lung diseases including cystic fi-
brosis, pneumonia, and emphysema (Rumack and Bateman,
2012). Whereas NAC was used intravenously in the United
Kingdom and other countries from the beginning (Prescott et al.,
1979), the FDA only approved an oral formulation for the United
States (Rumack and Bateman, 2012). Nevertheless, both thera-
peutic approaches proved highly effective when administered
within 8 h after APAP ingestion and partially effective when
given within the first 24 h (Prescott et al., 1977; Rumack et al.,
1981; Smilkstein et al., 1988). Mechanistically, it was shown that
NAC protects by scavenging NAPQI and preventing hepatic pro-
tein adduct formation (Corcoran et al., 1985). However, NAC sup-
ports hepatic GSH synthesis and does not act directly on NAPQI
(Corcoran and Wong, 1986). More recently, as the relevance of
oxidant stress and peroxynitrite for the mechanisms of APAP
hepatotoxicity became apparent (Du et al., 2016a), it was shown
that a delayed synthesis of GSH is still effective by scavenging
peroxynitrite (James et al., 2003; Knight et al., 2002). In addition,
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any excess NAC not used for GSH synthesis is metabolized to
Krebs cycle intermediates and supports the compromised mito-
chondrial energy metabolism and ATP synthesis (Saito et al.,
2010). The multiple mechanisms of protection are the reason
for the extended therapeutic window of NAC in humans and, af-
ter more than 40 years since it was first used in humans, NAC is
still the only clinically approved antidote against APAP overdose
(Figure 1). However, NAC can cause side effects including ana-
phylactic reactions and fluid overload (Pakravan et al., 2008) and
standard dosing may be insufficient for patients with very high
APAP overdoses. In addition, late presentation of the patients
with delayed initiation of NAC treatment is the main reason for
acute liver failure and death after APAP overdose. Thus, despite
the efficacy of NAC there is a need for additional drugs that
could complement it.

4-Methylpyrazole

A few years ago, a case report outlined treatment of a woman
who came to the emergency department with extremely high
plasma levels of APAP and suspicion of alcohol poisoning (Zell-
Kanter et al., 2013). She was treated with both the standard of
care NAC and fomepizole (4-methylpyrazole; 4MP) for alcohol

poisoning (McMartin, 2010) and survived (Zell-Kanter et al.,
2013). A subsequent commentary raised the question whether
4MP may have been partly responsible for limiting APAP-
induced liver injury and the survival of the patient (Yip and
Heard, 2016). Based on these reports we started to perform pre-
clinical studies assessing the potential mechanism of protection
by 4MP. When mice were treated with a single dose of 50 mg/kg
4MP (human equivalent dose: 4.1 mg/kg), which is less than the
clinically approved dose in humans (10–15 mg/kg every 12 h), at
the same time as a toxic dose of APAP, JNK activation, mito-
chondrial dysfunction, and liver cell necrosis were complete
prevented (Akakpo et al., 2018). In addition, GSH depletion and
reactive metabolite and protein adducts formation were elimi-
nated. This suggested that 4MP acted as an inhibitor of cyto-
chrome P450 enzymes, which was confirmed in human
hepatocytes (Akakpo et al., 2018). When 4MP treatment was
delayed until after the metabolism of APAP was completed, it
was still highly effective (Akakpo et al., 2019). Although no effect
on protein adducts formation was observed, activation and mi-
tochondrial translocation of JNK and mitochondrial dysfunction
and nuclear DNA fragmentation were eliminated (Akakpo et al.,
2019). Molecular docking studies confirmed that 4MP fits into
the ATP binding site of JNK and is a competitive inhibitor

Figure 1. Pharmacological targets for acetaminophen hepatotoxicity. Acetaminophen (APAP, N-acetyl-p-aminophenol, paracetamol)-induced liver injury is initiated

by its metabolism by cytochrome P450 enzymes to the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI), which depletes cellular glutathione and forms pro-

tein adducts, especially on the mitochondria. This results in mitochondrial oxidative stress, which results in activation of the mitogen-activated protein c-Jun N-termi-

nal kinase (JNK), and its translocation to the mitochondria. On the mitochondria (inset) phosphorylated JNK binds to the outer membrane protein Sab, and initiates a

blockade of the electron transport chain, which subsequently induces release of superoxide from respiratory complexes I and III. Superoxide reacts with nitric oxide

within mitochondria to form the highly reactive nitrogen species peroxynitrite, which results in protein modification by nitration of tyrosine residues. This amplifies

the mitochondrial dysfunction, ultimately causing induction of the mitochondrial permeability transition and release of mitochondrial proteins such as endonuclease

G and apoptosis inducing factor into the cytosol. Nuclear translocation of these proteins then induces DNA fragmentation, and finally hepatocyte necrosis. The stan-

dard of care antidote N-acetylcysteine protects against APAP hepatotoxicity by increasing GSH resynthesis, thus replenishing GSH stores, and also facilitating mito-

chondrial energy metabolism to surmount detrimental effects of protein adduct formation. Newer therapeutic interventions have alternate mechanisms of action,

with the majority targeting mitochondrial dysfunction, while 4-methylpyrazole acts upstream, inhibiting cytochrome P450-mediated NAPQI formation as well as

inhibiting JNK activation. Calmangafodipir functions as a superoxide dismutase mimetic, scavenging superoxide to prevent formation of peroxynitrite, whereas met-

formin inhibits mitochondrial oxidant stress by inhibition of respiratory complex I. Methylene blue, however, improves mitochondrial function by bypassing electron

transport chain blockade and preventing formation of free radicals.
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(Akakpo et al., 2019). The results of the preclinical studies were
confirmed with healthy volunteers who took 80 mg/kg APAP
with or without 4MP cotreatment in a crossover study (Kang
et al., 2019a). The dose of 4MP was the clinically approved intra-
venous dose of 15 mg/kg at the time of APAP administration and
10 mg/kg 12 h later. There was no relevant change of glucuroni-
dation and sulfation but a more than 90% reduction in oxidative
metabolites suggesting an effective inhibition of NAPQI forma-
tion in these volunteers (Kang et al., 2019a). Together these stud-
ies imply that 4MP is equally as effective or slightly better than
NAC because preventing NAPQI formation is more effective
than scavenging NAPQI and preventing the mitochondrial oxi-
dant stress is more effective than scavenging peroxynitrite with
newly synthesized GSH (Figure 1). In addition, 4MP is generally
well tolerated and has no relevant side effects (Jacobsen et al.,
1988; McMartin, 2010) and acts directly without the need for
metabolic activation. A recent study evaluating 536 patients
treated with fomepizole in France over 16 years showed mild
and transient adverse reactions to therapeutic doses in only 7%
of the patients (Rasamison et al., 2019). Besides burn sensation
or inflammation at the injection site (4%) and drowsiness/con-
fusion (1%), nausea, and vomiting were observed in 2% of the
patients (Rasamison et al., 2019). The authors concluded that
their “longitudinal cohort study supports the safety of fomepi-
zole administered to treat presumed ethylene glycol and meth-
anol poisoning” (Rasamison et al., 2019). In the volunteer study
using 4MP with a mild overdose of APAP, no adverse effects
were experienced (Kang et al., 2019a). Thus, if the efficacy of
4MP is confirmed in a trial with APAP overdose patients, it could
be an important adjunct therapy to NAC especially in patients
with high overdoses where the standard dosing of NAC may not
be enough, or in particular in late presenting patients who re-
ceive NAC too late. Interestingly, preliminary data from our lab-
oratory suggest that 4MP has a larger therapeutic window
against APAP toxicity than NAC in human hepatocytes (Akakpo
et al., unpublished data).

Calmangafodipir

Mechanistic studies demonstrated superoxide and peroxynitrite
formation inside mitochondria during APAP hepatotoxicity
(Cover et al., 2005; Jaeschke, 1990). The aggravation of APAP-
induced liver injury in MnSOD-deficient compared with wild
type animals (Ramachandran et al., 2011) and the highly effec-
tive protection with the mitochondria targeted superoxide dis-
mutase mimetic Mito-Tempo (Du et al., 2017a, 2019) provided
evidence for the functional importance of this oxidative and
nitrosative stress in the pathophysiology. These animal studies
provided the mechanistic basis for the therapeutic use of a SOD
mimetic inside mitochondria (Figure 1).

Recently, it was recognized that mangafodipir (MnDPDP),
which is used as a magnetic resonance imaging contrast agent
in patients, has SOD mimetic activities (Bedda et al., 2003;
Karlsson et al., 2015). However, the SOD activity requires that
Mn2þ remains bound to DPDP. Therefore, a modified compound,
calmangafodipir (CMFP) [Ca4Mn(DPDP)5] was developed where
Mn2þ is more stably bound to the molecule (Karlsson et al.,
2015). Only an abstract is available that shows reduced APAP-
induced liver injury with calmangafodipir treatment in mice as
late as 6 h after APAP (Dear et al., 2017). No data on oxidant
stress and other mechanistic events were presented. Similarly,
there is only 1 preclinical study published that reports reduced
injury with mangafodipir treatment 2 h before APAP and im-
proved survival when mangafodipir was given 6 h after APAP

(Bedda et al., 2003). SOD mimetic activity of mangafodipir was
only shown in the Huh7 cell line in the absence of APAP (Bedda
et al., 2003). Thus, both mangafodipir and calmangafodipir have
not been thoroughly studied in preclinical models, which limit
the understanding of the mechanism of action of these com-
pounds. In particular, it remains unclear how effectively these
compounds prevent peroxynitrite formation in mitochondria
during APAP toxicity.

Calmangafodipir has recently been tested in patients who
presented early after an APAP overdose. The results showed
that the drug was well tolerated with limited side effects
(Morrison et al., 2019). Side effects of mangafodipir and poten-
tially calmangafodipir may include diarrhea and nitroglycerin-
like cardiovascular adverse effects due to the SOD mimetic ac-
tivity, which may increase nitric oxide levels (Karlsson, 2019).
However, no diarrhea or cardiovascular effects were observed in
the calmangafodipir-treated patients and side effects such as
nausea and vomiting were attributed to NAC (Morrison et al.,
2019). The early presentation and standard of care NAC treat-
ment prevented severe liver injury and therefore the efficacy of
calmangafodipir could not be assessed (Morrison et al., 2019).
However, additional use of sensitive cell injury biomarkers such
as cytokeratin-18 and miR-122 showed a minor increase, which
was attenuated in patients that were cotreated with calmanga-
fodipir (Morrison et al., 2019). With the caveat of the very limited
number of patients per group (n¼ 6), these promising results in-
dicate that calmangafodipir could have beneficial effects in
patients with higher overdoses and later presentation.

Metformin

Metformin (MTFN) is a widely used drug to treat type II diabetes.
Metformin lowers blood glucose levels by increasing the sensi-
tivity of muscle cells to insulin resulting in increased glucose
uptake. Doses for adults are 500 mg (7 mg/kg) twice daily.
Several studies in mice reported beneficial effects of metformin
treatment against APAP hepatotoxicity. Kim et al. (2015) showed
that both a 30 min oral pretreatment or 60 min post-treatment
with 350 mg/kg metformin (human equivalent dose: 28.5 mg/kg)
attenuated APAP-induced liver injury through inhibition of JNK
signaling. A follow-up study could confirm the beneficial effect
of 350 mg/kg metformin against APAP hepatotoxicity but was
not able to reproduce the inhibition of JNK activation or reduc-
tion in mitochondrial JNK translocation despite using the same
doses of metformin and APAP (Du et al., 2016b). The JNK-
independent protection of metformin was confirmed in HepaRG
cells (Du et al., 2016b), which in contrast to primary human hep-
atocytes do not require JNK activation for APAP toxicity (Xie
et al., 2014). However, a 2-h post-treatment with metformin
inhibited the mitochondrial oxidant stress through inhibition of
complex I (Du et al., 2016b). A metformin-mediated protection
with reduced oxidant stress was confirmed in a model of
chronic APAP overdose (Saeedi Saravi et al., 2016). Thus, there is
consensus that high doses of the clinically used drug metformin
are protective against APAP toxicity in mice when used as pre-
treatment and with therapeutically more relevant post-
treatment (Figure 1). However, a major concern is the high dose
of metformin used in animals. The human equivalent dose
used in animals (28 mg/kg) is 4-fold higher than the therapeutic
doses for diabetes in humans (7 mg/kg). Given some significant
side effects of therapeutic doses of metformin in humans, it
remains to be investigated if metformin could be effective
against APAP toxicity in patients at doses that are below what
was needed in animals.
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Methylene Blue

It was recognized that redox-active agents with mild-redox po-
tential can shuttle electrons between various redox-centers in
the cell (Atamna et al., 2012). Methylene blue (methylthioninium
chloride), which is mainly used clinically to treat methemoglo-
binemia, is such a mild redox-active drug that can easily accept
and donate electrons. As such it can improve mitochondrial
function by accepting electrons at a blocked site of the electron
transport chain and shuttle these electrons downstream of the
blockade (Atamna et al., 2012). This also prevents electron leak-
age and the resulting reactive oxygen species (ROS) formation
(Atamna et al., 2012). Methylene blue was first applied to drug
hepatotoxicity by Lee and Boelsterli (2014). The authors then ex-
panded the investigation of methylene blue protection to APAP
toxicity (Lee et al., 2015). It was shown in both isolated hepato-
cytes and in vivo that methylene blue can accept electrons from
the inhibited NAPQI-modified complex II of the electron trans-
port chain and transfer them to cytochrome c, which prevents
the mitochondrial dysfunction, the MPTP opening and cell ne-
crosis (Lee et al., 2015) (Figure 1). Because of the redox-cycling
nature of the reaction, MB concentrations in cell culture (3mM)
and doses in vivo (10 mg/kg) (human equivalent dose: 0.81 mg/
kg) can be fairly low. Due to the risk of severe side effects (meth-
ylene blue acts as oxidant and causes methemoglobinemia at
doses >7 mg/kg), the human dose is 1–2 mg/kg iv. Thus, the high
efficacy of methylene blue in preventing mitochondrial dys-
function during APAP hepatotoxicity in animals is at or slightly
below the human tolerated dose. Therefore, it would be feasible
to assess the efficacy of methylene blue against APAP-induced
liver injury in patients.

NOVEL THERAPEUTIC APPORACHES BASED ON
MECHANISMS

Traditional Chinese Medicine and other herbal medicines have
shown beneficial effects in patients against a broad spectrum of
diseases for centuries. A considerable effort is under way to
identify individual compounds and their benefits in various ani-
mal models including APAP hepatotoxicity. Currently, most
studies use pretreatment for days or even weeks before APAP
challenge, which has limited clinical relevance (Subramanya
et al., 2018). However, some of these interventions enhance the
hepatic antioxidant capacity or may trigger adaptive mecha-
nisms such as autophagy and Nrf2 activation, which have been
shown to be protective against APAP overdose (Subramanya
et al., 2018). A problem with many of these herbal compounds is
that they are actual P450 inhibitors (Jiang et al., 2015), which as
pretreatment will effectively protect against APAP toxicity but if
it is the only mode of action, the agent will have a limited thera-
peutic window. However, it remains unclear in most cases if in
a clinically relevant scenario, ie, treatment after the overdose,
these types of compounds can be effective. In addition, the high
doses commonly used in animals may lead to side effects in
patients and this treatment may be very expensive when trans-
lated to humans. Nevertheless, there are some promising thera-
peutics approaches that could be more rigorously explored with
herbal compounds which have been traditionally used in
humans.

Antioxidants

For years the most invoked mechanism of protection by herbal
extracts or individual compounds was that they act as

antioxidants (Subramanya et al., 2018). However, this conclusion
was mainly based on a correlation between the protection and
reduced parameters of lipid peroxidation (LPO). The caveat is
that these types of experiments do not distinguish between
cause and effect. Although ROS/peroxynitrite are critically in-
volved in APAP hepatotoxicity, LPO is quantitatively too insig-
nificant to cause liver injury (Knight et al., 2003). In addition,
other mechanisms of protection can reduce LPO. Thus, mecha-
nistically more rigorous experiments need to be performed to
document that the antioxidant capacity of the liver is signifi-
cantly improved with an herbal compound and that this antiox-
idant effect is responsible for the protection in vivo.

Nrf2 Activators

The activation of the transcription factor Nrf2 is a highly effec-
tive strategy because Nrf2-dependent genes can affect critical
protective pathways against APAP-induced cell death
(Aleksunes and Manautou, 2007; Klaassen and Reisman, 2010).
One of the most important genes regarding APAP toxicity are
the GSH synthesizing enzymes including glutamate-cysteine li-
gase catalytic subunit and the glutamate-cysteine ligase modi-
fier subunit (Du et al., 2014; Ryan et al., 2012), which are
responsible for the maintenance of hepatic GSH levels to scav-
enge NAPQI and ROS/peroxynitrite. In addition, Nrf2 regulates
genes like (NAD(P)H:quinone oxidoreductase 1, Nqo1) and con-
jugation reactions (UDP-glucuronosyltransferases and
glutathione-S-transferases), which can either limit NAPQI for-
mation or accelerate detoxification of NAPQI, respectively
(Klaassen and Reisman, 2010). Also, Nrf2 can enhance the efflux
of APAP conjugates and cause resistance to APAP hepatotoxicity
through upregulation of multidrug resistance-associated pro-
tein 3 and 4 (Aleksunes et al., 2008a,b). Thus, Nrf2 activators
have been shown to be protective against APAP toxicity (Fan
et al., 2018; Wang et al., 2018). However, the therapeutic window
for these herbal Nrf2 activators is unknown, ie, it is unclear
whether pretreatment is necessary for efficacy. Furthermore, in
most cases, it remains unclear if activation of Nrf2-dependent
genes is the only mechanism of protection (Kang et al., 2019b;
Wang et al., 2018).

Autophagy Inducer

The autophagy process is strongly activated after APAP treat-
ment to remove damaged mitochondria (Ni et al., 2012) and pro-
tein adducts (Ni et al., 2016). Autophagy is most critical for
survival in cells at the periphery of the necrotic area (Ni et al.,
2013). An increasing number of studies suggest that pretreat-
ment with herbal compounds enhances autophagy, which
could contribute to the beneficial effect (Kang et al., 2019b; Yan
et al., 2018). Although it appears to be a viable therapeutic strat-
egy to limit necrosis by promoting autophagy based on a num-
ber of mechanistic intervention studies (Chao et al., 2018), for
most herbal compounds it was not definitively shown that
autophagy induction is the primary mode of action. In addition,
the therapeutic window of such an approach remains unclear.
More specific mechanistic studies are needed to better explore
the feasibility of this therapeutic strategy for APAP overdose
patients.

Anti-inflammatory Agents

Although it is undisputed that the severe necrosis caused by an
APAP overdose will trigger a sterile inflammatory response with
recruitment of neutrophils and monocyte-derived macrophages

JAESCHKE ET AL. | 163



into the liver (Jaeschke et al., 2012), there is some controversy
whether these inflammatory cells are only recruited to clear the
necrotic cell debris in preparation for regeneration of the lost
tissue or if some of the early leukocyte infiltration may contrib-
ute to the late injury (Woolbright and Jaeschke, 2017). Given the
critical role of monocyte-derived macrophages in the recovery
process and the limited direct evidence for a neutrophil or
monocyte involvement in the injury process not only in animals
but also in humans (Jaeschke et al., 2012; Woolbright and
Jaeschke, 2017), anti-inflammatory strategies that prevent the
recruitment of these cells may cause more harm than be benefi-
cial. Many studies with herbal interventions claim anti-
inflammatory properties of the agents (Subramanya et al., 2018).
However, in only rare cases is it ever distinguished whether the
reduced inflammatory gene expression and leukocyte recruit-
ment was a direct effect of the intervention or just a conse-
quence of the reduced injury due to other mechanisms
(Subramanya et al., 2018). In addition, the regeneration phase is
not considered. Together this raises concerns regarding the va-
lidity of claims of the alleged anti-inflammatory properties for
most herbal agents.

SUMMARY AND FUTURE PERSPECTIVES

Detailed mechanistic studies have provided more insight into
the mechanisms of cell death after APAP overdose during the
last decade. This led to the better understanding of the benefi-
cial effects of the only clinically approved antidote against
APAP, N-acetylcysteine, a precursor for GSH, which can scav-
enge the reactive metabolite in the cytosol and ROS/peroxyni-
trite inside the mitochondria (Figure 1). The clearer
understanding of the role of mitochondrial ROS from the initial
formation caused by protein adducts, the amplification through
the JNK pathway and the eventual triggering of the mitochon-
drial permeability transition pore opening by ROS/peroxynitrite
led to the recognition that 4MP and calmangafodipir could be ef-
fective antidotes against APAP toxicity with the high potential
to get them clinically approved (Figure 1). Other repurposed
drugs include methylene blue and metformin, which have been
shown to modulate the mitochondrial oxidant stress. The
remaining major hurdle to get these drugs approved for patient
care are clinical trials that show efficacy against APAP overdose
in the presence of NAC treatment. As these drugs are already
approved for other clinical indications, major general safety
issues are not expected. In addition, 4MP and calmangafodipir
have already been used in patients with mild to moderate over-
doses of APAP and only minor adverse effects were noted. Thus,
if any of these drugs are approved in the near future, these
would be the first new antidotes against APAP toxicity in more
than 40 years. Herbal products, which have been used in
humans for centuries, may have hepatoprotective potential es-
pecially when affecting the hepatic antioxidant capacity, or
causing Nrf2-dependent gene induction or autophagy activa-
tion. However, the caveats are potential requirement for pre-
treatment, which would limit clinical application at least for
APAP overdose, and the poor understanding of the actual mech-
anisms of action, which requires much more rigorous mecha-
nistic studies than those currently being done.

An important aspect of the pathophysiology of APAP-
induced liver injury not discussed in this review is regeneration.
This process is critical for the prevention of acute liver failure
and for the successful recovery from APAP-induced liver injury
(Bhushan and Apte, 2019). Although there are no therapeutics
emerging yet that selectively enhance regeneration after drug

hepatotoxicity, targeting regeneration will be another important
intervention strategy especially for patients presenting late af-
ter an APAP overdose.
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