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ABSTRACT

Acetaminophen (APAP) overdose is the most common cause of hepatotoxicity and acute liver failure in the United States
and many western countries. However, the only clinically approved antidote, N-acetylcysteine, has a limited therapeutic
window. 4-Methylpyrazole (4MP) is an antidote for methanol and ethylene glycol poisoning, and we have recently shown
that cotreatment of 4MP with APAP effectively prevents toxicity by inhibiting Cyp2E1. To evaluate if 4MP can be used
therapeutically, C57BL/6] mice were treated with 300 mg/kg APAP followed by 50 mg/kg 4MP 90 min later (after the
metabolism phase). In these experiments, 4MP significantly attenuated liver injury at 3, 6, and 24 h after APAP as shown

by 80%-90% reduction in plasma alanine aminotransferase activities and reduced areas of necrosis. 4MP prevented c-Jun
c-Jun N-terminal kinase (JNK) activation and its mitochondrial translocation, and reduced mitochondrial oxidant stress and
nuclear DNA fragmentation. 4MP also prevented JNK activation in other liver injury models. Molecular docking experiments
showed that 4MP can bind to the ATP binding site of JNK. These data suggest that treatment with 4MP after the metabolism
phase effectively prevents APAP-induced liver injury in the clinically relevant mouse model in vivo mainly through the
inhibition of JNK activation. 4MP, a drug approved for human use, is as effective as N-acetylcysteine or can be even more
effective in cases of severe overdoses with prolonged metabolism (600 mg/kg). 4MP acts on alternative therapeutic targets
and thus may be a novel approach to treatment of APAP overdose in patients that complements N-acetylcysteine.
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galactosamine-endotoxin.

Acetaminophen (APAP) is one of the most widely used analgesic
and antipyretic drugs worldwide. Although considered safe at
therapeutic levels, intentional or unintentional overdoses can
cause extensive hepatotoxicity and even acute liver failure in
both animals and humans (Yoon et al., 2016). Early mechanistic
studies identified the formation of a reactive metabolite, pre-
sumably N-acetyl-p-benzoquinone imine (NAPQI), glutathione
(GSH) depletion and protein adduct formation as critical events

in the pathophysiology (Mitchell et al., 1973; Nelson, 1990). This
insight into the mechanism of toxicity led to the rapid introduc-
tion of N-acetylcysteine (NAC) as a clinical antidote against
APAP overdoses in the 1970s (Rumack and Bateman, 2012).
Since that time, the mechanistic understanding of APAP-
induced cell death and liver injury increased dramatically
(Jaeschke et al., 2012; Ramachandran and Jaeschke, 2018); how-
ever, this increased knowledge did not translate into additional
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drugs for clinical use. There are 2 main reasons for the lack of
new drugs for this indication. First, NAC is highly effective in
preventing and limiting liver injury in patients, especially when
given early (within 10h) after the overdose. NAC supports the
rapid resynthesis of GSH, which can assist in detoxifying NAPQI
(Corcoran and Wong, 1986), but also scavenges peroxynitrite
and reactive oxygen species (ROS) and the metabolites of NAC
can support mitochondrial bioenergetics (Saito et al., 2010b).
These diverse mechanisms allow NAC to be effective over a sig-
nificant time frame (Smilkstein et al., 1988). The second reason
for the lack of new drugs on the market is the high costs of de
novo drug development. Although more than 70000 patients are
hospitalized each year because of an APAP overdose and around
50% of all cases of acute liver failure in the United States are due
to APAP hepatotoxicity (Budnitz et al. 2011; Manthripragada et al.
2011), this patient population is still too limited to justify these
costs. Therefore, a more realistic possibility for new therapeu-
tics is the repurposing of existing drugs that have already been
shown to be safe in humans.

4-Methylpyrazole (4MP, fomepizole) is a competitive inhibi-
tor of alcohol dehydrogenase. It is clinically used as an antidote
against methanol and ethylene glycol poisoning (Barceloux
et al., 1999; Bekka et al., 2001; Bestic et al., 2009; Brent et al., 2001).
In a recent case report of a patient who took a large overdose of
APAP with ethanol, the patient was successfully treated with
both 4MP and with NAC (Zell-Kanter et al., 2013). It was subse-
quently hypothesized that the beneficial outcome in this case
may have been affected by the cotreatment with 4MP (Yip and
Heard, 2016). Based on these clinical observations and in vitro
studies that showed inhibition of cytochrome P450 (CYP)2E1 by
4MP in human microsomes (Dai and Cederbaum, 1995; Hazai
et al., 2002), we investigated the potential efficacy of 4MP in a
murine APAP hepatotoxicity model and in human hepatocytes
(Akakpo et al., 2018). Using a cotreatment regimen, we demon-
strated that 4MP eliminated APAP-induced liver injury by inhib-
iting P450 enzymes and therefore prevented oxidative
metabolism with reactive metabolite formation, GSH depletion
and the generation of protein adducts (Akakpo et al., 2018).
However, inhibition of P450 enzymes alone would be of limited
benefit as many patients seek medical attention well into the
metabolism phase and the progression of liver injury.
Therefore, the objective of the current study was to assess if a
delayed treatment with 4MP, ie, after the metabolism of APAP is
completed, is still protective and to investigate the potential
mechanism.

MATERIALS AND METHODS

Animals and experimental design. Experiments requiring animal
procedures were approved by the Institutional Animal Care and
Use Committee of the University of Kansas Medical Center
(KUMC). In this study, 8 to 12weeks old C57BL/6] male mice
(Jackson Labs, Bar Harbor, Maine) were utilized. Animals were
adapted to the KUMC animal facility with unrestricted access to
food and water for at least 5days. Then, animal procedures
were performed following the National Research Council for the
care and use of laboratory animals’ guidelines.

After a 15h overnight fast, animals were subjected to ip
injections of either 300 or 600 mg/kg APAP (Sigma-Aldrich, St
Louis, Missouri). Ninety minutes post-APAP, mice received a
single treatment of 50 or 200 mg/kg 4MP (Brennan et al., 1994;
Kucukardali et al., 2002) (Sigma-Aldrich), 500 mg/kg NAC (Sigma-
Aldrich), or a combined treatment of 4MP+NAC. Mice were eu-
thanized under isoflurane anesthesia at 3, 6, and 24h time

points post-APAP followed by collection of blood and liver
samples.

Biochemical assays. The level of APAP-induced hepatic injury was
assessed by measuring plasma alanine aminotransferase (ALT)
activity with a kit purchased from Pointe Scientific (Canton,
Michigan). Total liver hepatic GSH and glutathione disulfide
(GSSG) was measured using a modified Tietze assay as de-
scribed in detail (McGill and Jaeschke, 2015).

Histology. To assess the extent of liver damage, 10% formalin
fixed liver tissue samples were embedded in paraffin and cut
into 5um sections for evaluation of necrotic cell death and nu-
clear DNA fragmentation. Hepatic necrosis was assessed with
hematoxylin and eosin (H&E) staining and DNA fragmentation
was assessed using the terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) with the in-situ Cell Death
Detection assay (Roche, Indianapolis, New Jersey) as described
(Gujral et al., 2002).

Antibodies and reagents. All primary antibodies (1:1000 dilution)
used in this study were purchased from Cell Signaling
Technology located in Danvers, Massachusetts. Western blot
experiments were performed as described (Akakpo et al., 2018)
with rabbit anti-JNK (c-Jun N-terminal kinase) antibody (Cat.
No. 9252), rabbit antiphospho-JNK antibody (Cat. No. 4668), rab-
bit anti-AlF (apoptosis-inducing factor) antibody (Cat. No. 5318),
rabbit LC3 antibody (Cat. No. 2775), and rabbit f3-actin antibody
(Cat. No. 4967). To detect protein bands of interest, antirabbit
IgG horseradish peroxidase coupled secondary antibody (1:5000
dilution) was purchased from Santa Cruz. Bands were detected
via chemiluminescence with the Licor Odyssey imaging system
(LICOR Biosciences).

APAP protein adducts. Liver homogenates were filtered through a
Bio-Spin 6 column (Bio-Rad, Hercules, California) to remove low
molecular weight metabolites that could interfere with detec-
tion of APAP protein adducts (McGill et al., 2012b). The filtrate,
which included proteins with APAP bound to cysteine residues,
was digested for 15h at 50°C in a 1:1 ratio with 8U/ml
Streptomyces griseus solution. This digestion liberated the
APAP-Cys adducts from the cellular proteins. The protein de-
rived APAP-Cys residues were filtered and detected via HPLC
with an electrochemical detector (Coularray, ESA Biosciences,
Chelmsford, Massachusetts).

Molecular docking. AutoDock Vina was used to perform all molec-
ular docking experiments (Trott and Olson, 2010). The models
used for docking include JNK1, JNK2, and Cyp2el (PDB codes
3V3V, 3NPC, and 3E4E, respectively) (Baek et al, 2013;
Kuglstatter et al., 2010; Porubsky et al., 2008). Each of these struc-
tures was published bound to a ligand, so each structure was
prepared for molecular docking by removing their ligands and
any solvent molecules. Auto-DockTools 4.2 was used to add po-
lar hydrogens, Gasteiger charges, and to position a grid box
large enough to encompass each protein in whole (in each case,
this was a 60 x 60 x 60 A cube) (Morris et al., 2009). To account for
the search box larger than 27000 A, search exhaustiveness was
raised to 100. Coordinates of the compounds of interest were
taken from previously published structures (PDB codes 3V3V,
3NPC, and 3E4E), and then prepared for molecular docking using
Auto-DockTools 4.2, allowing full ligand flexibility (Adams et al.,
2010). In each case, a control molecular docking experiment
was performed with the published ligand, to ensure the
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appropriateness of AutoDock Vina to analyze the binding sites
of these proteins, and in each case the RMSD of the control
docking was less than 2 A.

Cellular thermal shift assay. A liver sample was collected from
untreated C57BL/6] mice and placed into a 1.5ml Eppendorf
tube. The sample was then frozen using liquid nitrogen and ho-
mogenized in RIPA buffer (10mM Tris-Cl [pH 8.0], 1 mM EDTA,
1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM
NaCl, 1mM PMSF), supplemented with protease inhibitors. The
resulting homogenate was centrifuged at 4°C for 10min at
14000 x g. Then, 100 pl of the supernatant was transferred into 7
individual 1.5ml Eppendorf tubes and 10pl of a 20mM 4MP
stock solution was added. After a 30-min incubation at 37°C, 1
tube was kept at room temperature whereas the remaining 6
tubes were subjected to transient heating at 50°C, 52°C, 54°C,
56°C, 58°C, and 60°C for 8 min. Subsequently, a controlled cool-
ing step at room temperature for 3min was performed. All 7
samples were then freeze thawed in liquid nitrogen 3 times and
spun at 4°C for 20 min at 20000 x g to remove precipitated pro-
tein. Finally, the remaining soluble protein in the supernatant
was subjected to electrophoresis and western blotting for JNK
and quantified by densitometry (Ishii et al.,, 2017; Mateus et al.,
2016).

In vitro c-Jun n-terminal kinase assay. JNK activity was assayed
in vitro using a c-Jun recombinant protein as the substrate.
Phospho-JNK was immunoprecipitated from liver homogenates
(500 pg protein) of animals treated with D-galactosamine-endo-
toxin (Gal-ET) for 1h, using an anti-P-JNK antibody (Cell
Signaling Technology, No. 9255) bound to Dynabead protein G
(ThermoFisher Scientific). The beads were washed, followed by
incubation with 1pg GST-c-Jun (1-79) fusion protein (BioVision,
Inc, Mountain View, California) either with or without 2mM
4MP in kinase buffer (10 mM MgCl,, 50 mM Tris-HCl, 1mM EGTA,
and 50puM ATP) supplemented with 200pM ATP for 45min at
30°C. The reaction was stopped by addition of SDS denaturing
buffer (Novex, ThermoFisher Scientific), followed by boiling for
5min. The samples were then separated by SDS-PAGE, trans-
ferred onto PVDF membranes and probed with an antiphospho-
c-Jun Ab (Cell Signaling Technology No. Cat No. 9164).

Statistical analysis. One-way analysis of variance was used to as-
sess statistically significant differences between several groups.
The Student Newman-Keul’s test was then utilized for multiple
comparisons. Kruskal-Wallis test was used with Dunn’s multi-
ple comparison for non-Normally distributed data. The software
used for statistical analysis is SPSS Statistics for windows,
V21.0, IBM (Corp, Armonk, New York). P < .05 was considered as
significant for all tests.

RESULTS

Delayed 4MP Treatment Protects Against APAP-induced Liver Injury
Because in mice the metabolism of APAP is almost completed
within 1.5h after treatment with a dose of 300mg/kg APAP
(McGill et al., 2013), we investigated the effect of delayed 4MP
(50mg/kg) administration in this model. APAP caused a time-
dependent increase of plasma ALT activities (Figure 1A), devel-
opment of centrilobular necrosis (Figs. 1B and 1D), and nuclear
DNA strand breaks as indicated by the TUNEL assay at 6h
(Figure 1F). 4MP treatment 1.5h after APAP effectively reduced
all parameters of cell injury (Figs. 1A, 1C, 1E and 1G) suggesting
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that delayed 4MP treatment protects against APAP hepatotoxic-
ity by an alternate mechanism than inhibition of CYP enzymes.
However, the protection was lost when 4MP was administered
3h after APAP (Supplemental Figure 1).

Delayed 4MP Treatment Protects by Inhibition of JNK

APAP toxicity depends on the amplification of the mitochon-
drial oxidant stress by activation of JNK in the cytosol and the
translocation of phospho-JNK to the mitochondria (Hanawa
et al., 2008; Saito et al., 2010a). JNK is present in the cytosol in the
inactivated form and APAP treatment induced JNK activation in
the cytosol at 3 and 6h (Figs. 2A and 2B). In addition, P-JNK also
translocated to the mitochondria at these time points (Figs. 2A
and 2B). 4MP treatment at 1.5 h after APAP had no effect on cyto-
solic JNK activation at 3h but eliminated the mitochondrial
translocation (Figure 2A). At 6h, 4MP prevented both cytosolic
JNK activation and mitochondrial P-JNK translocation
(Figure 2B). Because 4MP is treated at 1.5h, ie, at a time where in
the murine model JNK is already activated in the cytosol but P-
JNK has not yet translocated to the mitochondria (Xie et al.,
2015), 4MP did not prevent JNK activation at 3 h. However, these
data indicate that 4MP inhibits the sustained APAP-induced JNK
activation and translocation to the mitochondria.

Delayed 4MP Treatment Does Not Block APAP Protein Adduct
Formation

To further confirm that the delayed treatment with 4MP had no
effect on the metabolic activation of APAP, protein adducts
were measured at 3 and 6 h after APAP. There was no significant
difference of APAP protein adducts between groups at 3h
(Figure 3A) suggesting that indeed 4MP had no effect on CYP-
mediated reactive metabolite formation. However, the decline
of adducts at 6h was more pronounced in the 4MP-treated ani-
mals (Figure 3A). Removal of adducts is known to be caused by
autophagy (Ni et al., 2016). Thus, LC3 levels as indicator of auto-
phagosome formation were assessed (Supplemental Figure 2A).
4MP treatment clearly caused an increase in LC3II levels com-
pared to APAP alone at 3h indicating that there is likely stimu-
lated autophagy that could enhance the removal of adducts
(Supplemental Figure 2A). Animals were treated with leupeptin,
which inhibits lysosomal proteases and consequently autoph-
agy (Ni et al., 2016). Delayed 4MP treatment dramatically attenu-
ated APAP-induced liver injury but leupeptin partially reversed
this effect (Supplemental Figure 2B). Although the effect of leu-
peptin on plasma ALT activities was significant, the ALT levels
were reduced from 97% with 4MP alone to 94% with
4MP + leupeptin indicating that the overall impact of lysosomal
adduct removal on the protective effect of 4MP was minor.

Delayed Treatment of 4MP Blocks APAP-induced Mitochondrial
Dysfunction

Amplification of the initial mitochondrial oxidant stress by JNK
results in the collapse of the mitochondrial membrane potential
leading to mitochondrial permeability transition pore (MPTP)
opening (Kon et al., 2004; Ramachandran et al., 2011). This is fol-
lowed by mitochondrial swelling and rupture of the mitochon-
drial outer membrane which then triggers the release of
mitochondrial intermembrane protein including AIF to the cyto-
sol and the nucleus (Bajt et al., 2006, 2011). Consistent with the
previous findings, although there was no AIF present in the cy-
tosol of untreated mice, AIF release was observed at 6h after
APAP overdose (Figure 3B). 4MP treatment almost completely
prevented any AIF release (Figure 3B) suggesting that 4MP pre-
vented mitochondrial dysfunction.
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Figure 1. Delayed 4-methylpyrazole (4MP) treatment protects against acetaminophen (APAP)-induced liver injury. Animals were treated with 300 mg/kg APAP followed
by 50 mg/kg 4MP 90 min after APAP. A, Plasma alanine aminotransferase (ALT) at 3 and 6 h after APAP. B, Representative hematoxylin and eosin (H&E)-stained liver sec-
tion 3h post-APAP. C, Three hours post-APAP and 4MP. D, Six hours post-APAP. E, Six hours post-APAP and 4MP (x50 magnification). F, Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining (x50 magnification) shown for animals treated with APAP for 6 h and (G) for animals treated with APAP and 4MP
for 6 h. Data represent means + SEM of n=11 animals per group. *p < .05 (compared with animals treated with APAP alone).

After an APAP overdose, NAPQI depletes hepatic GSH levels
by >90% within 30 min and for a dose of 300 mg/kg, the recov-
ery of the hepatic GSH content starts between 1.5 and 2h
(McGill et al., 2013). Thus, the higher hepatic GSH levels in the
4MP-treated animals at 6h compared to APAP alone reflects
a better recovery due to a higher number of healthy cells
(Figure 3C). In addition, the GSSG-to-GSH ratio, which is an
indicator of mitochondrial oxidant stress (Jaeschke, 1990),
shows substantially lower values in the 4MP-treated animals
(Figure 3C). In fact, the values for the GSSG-to-GSH ratio of
<1% in the 4MP treated mice are close to control values
(Knight et al., 2001). These data indicate that 4MP treatment ef-
fectively prevented the APAP-induced mitochondrial oxidant
stress and further supports the conclusion that 4MP inhibits
mitochondrial dysfunction.

Because delayed inhibition of JNK could have detrimental
effects on liver regeneration, this aspect was investigated.
Animals were treated with APAP and then with solvent or 4MP
3h later. At 24h, the livers showed similar injury and PCNA
staining suggesting that 4MP has no effect on hepatic regenera-
tion (data not shown).

4MP Inhibits JNK Activation in Other Experimental Models

To evaluate if 4MP can inhibit JNK activation in models indepen-
dent of APAP toxicity, we first used a model of JNK activation
based on GSH depletion with phorone and t-butylhydroperoxide
(tBHP)-induced oxidant stress (Saito et al.,, 2010a). Three hours
after phorone/tBHP treatment, extensive JNK activation was
observed in the liver cytosol (Figure 4A) but no mitochondrial
translocation (data not shown). 4MP treatment 1h after tBHP
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Figure 2. Delayed 4-methylpyrazole (4MP) treatment prevented acetaminophen (APAP)-induced sustained c-Jun n-terminal kinase (JNK) activation. Animals were
treated with 300 mg/kg APAP followed by 50 mg/kg 4MP 90 min after APAP. Cytosolic fraction and isolated mitochondrial fraction were subjected to western blotting for
P-JNK and JNK after 3 (A) and 6 h (B) after APAP. Three animals were analyzed per group.

effectively prevented JNK activation in the cytosol (Figure 4A).
The Gal/ET model is a well-established model of apoptosis and
inflammatory liver injury (Maes et al., 2016), which also involves
JNK activation (Wang et al., 2006). Consistent with these previous
findings, Gal/ET-induced liver injury as indicated by the elevated
plasma ALT activities at 6h (Figure 4B) and cytosolic JNK activa-
tion at 1h, which is sustained until 6h (Figure 4C). Cotreatment
of 4MP with Gal/ET significantly attenuated liver injury and JNK
activation in this model (Figs. 4B and 4C). Importantly, 4MP did
not affect hepatic gene expression of TNF-u (Figure 4D), the criti-
cal cytokine in this model. Together, these data further support
the conclusion that 4MP is a JNK inhibitor.

4MP Directly Docks into the Active Site of JNK1 and JNK2

To further analyze the putative binding of 4MP to JNK1 and
JNK2, the molecular docking program AutoDock Vina was used
to assess potential binding sites, poses, and energies of 4MP
(Trott and Olson, 2010). We docked 4MP into both JNK1 and JNK2
as outlined in the methods; briefly, we deleted any previously
published ligands from the structure, and then used a search
box large enough to envelop the entire molecule to determine
the binding mode and thermodynamics. To determine if the
previously published structures of JNK1 and JNK2 were

appropriate models for molecular docking, we attempted to re-
produce the experimental binding modes for quercetagetin and
BIRB796 to JNK1 and JNK2, respectively (PDB codes 3V3V and
3NPC) (Baek et al., 2013; Kuglstatter et al., 2010). Each ligand in
the control docking experiments was bound in the same confor-
mation as the previous structure’s binding sites and poses
(Figs. SD-G). Therefore, our docking parameters were validated
for JNK1 and JNK2. For the JNK1 and JNK2 molecular docking,
both were observed to have thermodynamically favorable bind-
ing modes for 4MP into the ATP binding pocket of each enzyme,
implying that the presence of 4MP may interfere with ATP bind-
ing (Figs. 5A and 5B). Additionally, we used a structure of
Cyp2el bound to 4MP (PDB code 3E4E) to test 4MP’s free energy
of binding in a known structure (Porubsky et al., 2008).
Importantly, because the structure of 4MP bound to Cyp2el is
known, molecular docking of 4MP into Cyp2el allows us to cal-
culate the binding thermodynamics of 4MP in a known binding
site, which we can then compare with our binding energies
from JNK1 and JNK2. We found that both the binding site and
orientation agreed well with the published structure (with
RMSD of 1.86 A between the experimental and computational
binding modes), and that the free energy of binding was
—4.2kcal/mol (Figure 5C). This binding mode was calculated to
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Figure 3. Delayed 4-methylpyrazole (4MP) treatment prevented acetaminophen (APAP)-induced mitochondrial dysfunction independent of reactive metabolite forma-
tion. Animals were treated with 300 mg/kg APAP followed by 50 mg/kg 4MP 90 min after APAP. A, APAP-cysteine adducts were quantified by HPLC-ECD in liver homoge-
nate 3 and 6 h post-APAP treatment. B, Cytosolic fractions were subjected to western blotting for apoptosis-inducing factor (AIF) and B-actin. C, Total glutathione (GSH)
was measured in liver tissue homogenate at 6h post-APAP. D, The ratio of glutathione disulfide (GSSG) to total GSH was calculated. Data represent means + SEM of

n=6 animals per group. *p < .05 (compared with animals treated with APAP alone).

be slightly more thermodynamically favorable than that of the
binding energy of 4MP to JNK1 and JNK2 (at —3.3 and —3.5kcal/
mol, respectively) suggesting a lower binding affinity for JNK1
and JNK2 than for Cyp2el. This implies that the dissociation
constant for 4MP binding to JNK1 and JNK2 would be slightly
higher than 2uM, which is the published affinity for 4MP to
Cyp2e1l (Collom et al., 2008).

To demonstrate that 4MP is involved in target engagement
with JNK, a thermal shift assay was carried out in vitro (Ishii
et al., 2017). As shown in Figure 5H, gradual JNK denaturation
was evident in controls when exposed to increasing tempera-
tures and exposure to 4MP decreased stability of JNK, making it
susceptible to thermal denaturation at lower temperatures
when compared to control. The aggregation temperature curve
demonstrates the substantial negative shift induced by 4MP on
the thermal stability of JNK. This suggests that 4MP binds to and
destabilizes JNK. Thermal denaturation of 4MP treated samples
was similar to those of samples treated with the JNK inhibitor
SP600125 (data not shown).

To directly evaluate if 4MP interfered with JNK kinase activ-
ity, an in vitro kinase assay was carried out using activated
phospho-JNK immunoprecipitated from liver samples of mice
treated with Gal-ET for 1h. As seen in Figure 5I, the presence of
4MP significantly inhibited phosphorylation of recombinant
c-Jun when incubated with phospho-JNK and ATP. This also
seems to be relevant in vivo, because our preliminary data indi-
cate that administration of 4MP significantly decreases nuclear
phospho-c-Jun staining by 3h in liver sections from animals
treated with phorone/tBHP (data not shown).

The JNK inhibitor SP600125 has been shown to also inhibit up-
stream kinases such as MKK4 (Bennett et al., 2001) and our pre-
liminary data suggest that animals treated with 4MP also show
decreased MKK4 phosphorylation at 3h (data not shown).
However, this could be due to a block in amplification of mito-
chondrial oxidant stress due to JNK inhibition by 4MP. The lack of
a direct inhibition of MKK4 by 4MP is also indicated by docking
studies which suggest that interaction of 4MP with MKK4 occurs
at a site independent of the ATP binding site (data not shown).
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Figure 4. 4-Methylpyrazole (4MP) inhibits c-Jun n-terminal kinase (JNK) activa-
tion induced by glutathione (GSH) depletion and oxidant stress and injury and
JNK activation in the D-galactosamine/endotoxin (Gal/ET) model. A, C57BL/6]
mice were treated with 100 mg/kg phorone followed by 1 mmol/kg tBHP 1h after
phorone and 50mg/kg 4MP 1h after tBHP. At 6h after tBHP cytosolic fractions
were subjected to western blotting for P-JNK and JNK. For the Gal/ET model,
C57BL/6] mice were cotreated with 700 mg/kg galactosamine, 100 pg/kg endo-
toxin, and 50 mg/kg 4MP for 1 and 6 h. B, Plasma alanine aminotransferase (ALT)
at 6h after Gal/ET. C, Cytosolic fractions were subjected to western blotting for
P-JNK and JNK at 1 and 6 h after Gal/ET. D, TNF-o mRNA expression in liver sam-
ples at 1h after Gal/ET. Data represent means *+ SEM of n=6 animals per group.
*p < .05 (compared with control). #p < .05 (compared with Gal/ET).

Is 4MP More Effective Than NAC?

NAC is the only clinically approved antidote against APAP over-
dose. To compare the efficacy of both agents, animals were
treated with either 50 mg/kg 4MP, 500 mg/kg NAC or both 90 min
after APAP. Plasma ALT activities measurements at 6 and 24h
showed the extensive injury after APAP and the high efficacy of
both compounds alone and in combination (Figure 6A). There
was a trend of slightly higher injury after 4MP treatment com-
pared to NAC and the combination at 24 h. Using a higher dose
of 4MP (200 mg/kg) did not affect the results, suggesting that the
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generally used 50mg/kg dose was most effective (Figure 6A).
When the dose of APAP was increased to 600 mg/kg, both NAC
and 4MP reduced APAP-induced liver injury by >90%
(Figure 6B). However, 4MP was slightly more effective than NAC
at these doses (Figure 6B).

DISCUSSION

Protection With Delayed 4MP Treatment

Our previous study showed that cotreatment of 4MP with an
APAP overdose effectively eliminated hepatotoxicity by inhibit-
ing the CYP-dependent metabolic activation of APAP in mice
and in human hepatocytes (Akakpo et al., 2018). The objective of
the current investigation was to evaluate if a delayed treatment
with 4MP beyond the metabolism phase is still protective. The
metabolism of the commonly used overdose of 300 mg/kg in
C57BL/6] mice takes approximately 90 min (McGill et al., 2013).
Thus, when using a delayed treatment, 50 mg/kg 4MP was still
highly effective in protecting against APAP hepatotoxicity at 6
and 24 h. Interestingly, the protection was lost when the treat-
ment was pushed back to 3h. In addition, a higher dose of 4MP
was not more effective. These data suggest that the therapeutic
window for the beneficial effects of 4MP after an APAP overdose
extends beyond the drug metabolism phase.

4MP Acts as JNK Inhibitor

The delayed treatment with 4MP showed a marked inhibition of
JNK activation at 6 h and mitochondrial P-JNK translocation at 3
and 6h after APAP in mice. JNK is activated in the cytosol within
1h after APAP and P-JNK can translocate to the mitochondria af-
ter 2h (Xie et al., 2015). Thus, 4MP given after 90 min was admin-
istered after the initial activation but before the mitochondrial
translocation explaining why the early JNK activation was not
prevented. However, JNK activation at 6h was inhibited, which
supports the previously proposed hypothesis that continuous
JNK activation and mitochondrial translocation are necessary to
aggravate the oxidant stress and induce the MPTP opening with
necrotic cell death (Hu et al., 2016). Further support for the effect
of 4MP on JNK activation was the attenuated oxidant stress and
the reduced release of the intermembrane protein AIF, which is
in part responsible for the nuclear DNA fragmentation as indi-
cated by the TUNEL assay (Bajt et al., 2011). Together, these data
are consistent with the hypothesis that the main mechanism of
protection of the delayed 4MP treatment involves inhibition of
JNK activation.

To provide further support for this mechanism of action of
4MP, additional models of hepatic JNK activation were used.
One model mimics the events of APAP overdose where its initial
mitochondrial oxidant stress under conditions of GSH depletion
can activate the redox-sensitive apoptosis signal-regulating ki-
nase 1, a member of the mitogen-activated protein kinase ki-
nase kinase family, which eventually leads to JNK activation
(Nakagawa et al., 2008; Xie et al., 2015). Treatment of animals
with phorone to deplete hepatic GSH followed by the injection
of a peroxide induces JNK activation (Saito et al., 2010a). 4MP ef-
fectively prevented this JNK activation consistent with its effect
as a JNK inhibitor. The second, well-established model of JNK
activation is Gal/ET-induced apoptosis and inflammatory liver
injury (Maes et al., 2016). TNF-o is thought to be the critical me-
diator of the pathophysiology in part through the prolonged ac-
tivation of JNK (Wang et al., 2006). Like what was previously
shown, Gal/ET-induced JNK activation at 1 and 6h and liver in-
jury at 6h. 4MP strongly attenuated both JNK activation and
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Figure 5. 4-Methylpyrazole (4MP) docks into the active site and destabilize both c-Jun n-terminal kinase (JNK)1 and JNK2. Snapshots of 4MP molecular docking results.
A, Binding site and pose of docked 4MP (yellow sticks) compared with previously published structure of JNK1 (gray surface) bound to an ATP analog (green/dark gray
sticks). B, 4MP (yellow/light gray sticks) docked into the ATP binding site of JNK2 (gray surface), overlaid with a structure of the inhibitor BIRB796 (green/dark gray
sticks), a compound demonstrated to prevent ATP binding. C, Binding site and orientation of docked 4MP (yellow/light gray sticks) compared to the published structure
of Cyp2e1l (gray surface) with 4MP and the heme moiety (green/dark gray sticks). Each structure has portions of the enzyme removed for clarity, and PDB codes 3E4E,
3V3V, 3NPC were used. Control docking experiments. D and E, Overlays from 2 angles of a published structure of quercetagetin (green/dark gray sticks) bound to JNK1
(gray surface) with the docked binding mode (yellow/light gray sticks). F and G, Two views of a structure of JNK2 (gray surface) bound to BIRB796 (green sticks) superim-
posed with the docked binding mode of BIRB796 (yellow/light gray sticks). H, Detection of soluble protein in the supernatant fraction by Western blot and aggregation
temperature curve from cellular thermal shift assay (CETSA) assay to evaluate 4MP-JNK binding in vitro. I, Hepatic JNK enzyme activity was assayed in vitro in the pres-

ence or absence of 2mM 4MP using a c-Jun recombinant protein as the substrate.

liver injury. Importantly, 4MP did not affect TNF-a gene expres-
sion. Again, this is consistent with an effect of 4MP on JNK acti-
vation. Together, these data in 2 in vivo models independent of
APAP toxicity also suggest that 4MP acts as JNK inhibitor. This

effect of 4MP on JNK activity seems to be rather unique, because
other CYP inhibitors such as piperonyl butoxide, which have
been shown to protect against APAP overdose (Brady et al,
1988), are unlikely to inhibit JNK activity (Kawai et al., 2009).
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Figure 6. Efficacy of 4-methylpyrazole (4MP) versus N-acetylcysteine (NAC).
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To investigate the interaction between 4MP and JNK, the mo-
lecular docking program AutoDock Vina was used to analyze
potential binding sites and the binding energies of 4MP for both
JNK1 and JNK2 and the results compared to Cyp2el (Trott and
Olson, 2010), which is known to be inhibited by 4MP. The data
clearly demonstrated that both JNK1 and JNK2 have thermody-
namically favorable binding modes for 4MP into the ATP bind-
ing pocket of each enzyme, implying that the presence of 4MP
may interfere with ATP binding. This would render its inhibition
like that of SP600125, a hydrophobic ATP-competitive JNK inhib-
itor (Heo et al., 2004). The binding energies of 4MP to JNK1 and
JNK2 were only slightly less thermodynamically favorable than
the calculated binding energy of 4MP to Cyp2el. These data are
consistent with 4MP being an effective inhibitor of both JNK1
and JNK2. The in silico binding studies are corroborated by the
in vitro thermal shift assay, which clearly indicates that expo-
sure to 4MP decreases thermal stability of JNK. With thermal
shift assays, both increases and decreases in thermal stability
suggest binding; studies with elacridar, a representative inhibi-
tor of the multidrug-resistance transporter MDR1, showed that
the drug elicited a destabilizing effect on its target, probably due
to a loss of ATP and its stabilizing effect on the transporter
(Reinhard et al., 2015). Thus, 4MP may elicit a transient destabi-
lizing effect on JNK by binding at the active site where the ATP
phosphate group binds. This is turn would block productive ATP
binding and hydrolysis leading to the loss of ATP and its stabi-
lizing effect on JNK.
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Effect of 4MP on Autophagy

Autophagy is a critical adaptation process to cellular stress to
remove modified proteins and cell organelles (Chao et al., 2018).
The cellular debris is packaged into autophagosomes, which
fuse with lysosomes for degradation of its content. In APAP hep-
atotoxicity, removal of mitochondria (Ni et al., 2012) and protein
adducts (Ni et al., 2016) by autophagy has been shown to limit
the extent of liver injury. Our current data suggest that 4MP
accelerates the clearance of APAP protein adducts by inducing
autophagy. This process can be blocked with the lysosomal
inhibitor leupeptin (Ni et al., 2016). Because leupeptin had only
a very limited impact on the protective effect of 4MP, the contri-
bution of lysosomal protein adduct removal to 4MP’s overall
mechanism of protection appears very limited.

How Does the Efficacy of 4MP as Antidote Against APAP
Hepatotoxicity Compare With NAC?

A critical question remains how the protective effect of 4MP
compares to NAC. The protective mechanisms of 4MP include
the inhibition of Cyp enzymes (Akakpo et al., 2018) and JNK. On
the other hand, NAC stimulates hepatic GSH synthesis, which
then can scavenge NAPQI (Corcoran et al., 1985) and later perox-
ynitrite and reactive oxygen (Saito et al., 2010b); in addition, a
surplus of NAC can be converted to Krebs cycle intermediates,
which support the impaired mitochondrial bioenergetics (Saito
et al., 2010b). Thus, both compounds are effective antidotes
against APAP hepatotoxicity, however, with different but com-
plementary mechanisms. A direct comparison of 4MP and NAC
alone and in combination using the 300 mg/kg APAP dose and
90 min post-treatment showed similarly effective protection in
mice. There was only a very minor difference in ALT activities
with NAC being more protective. However, when the same
treatment of NAC and 4MP was used with a higher dose of APAP
(600mg/kg), 4MP was significantly more effective than NAC.
Because it takes substantially longer than 90 min to metabolize
this dose of APAP in mice (McGill et al., 2013), both protective
mechanisms are operative for each compound, ie, inhibition of
Cyps and JNK for 4MP and scavenging of NAPQI and ROS for
NAC. These data suggest that 4MP may be more effective in
cases of severe overdoses with prolonged metabolism. These
mechanisms of protection of 4MP may be particularly relevant
for patients for several reasons: First, in contrast to experimen-
tal studies where APAP is dissolved in saline, patients who in-
tentionally overdose generally take tablets and use even higher
overdoses than employed in the mouse model, which leads to
prolonged absorption and metabolism. Second, the activation of
JNK and its mitochondrial translocation is more delayed in hu-
man hepatocytes (6-15h after APAP) (Xie et al., 2014) compared
to mice (1-2h) (Xie et al., 2015) leading to a more delayed peak of
injury after an APAP overdose in patients (48-72h) (Larson,
2007; McGill et al., 2012a) compared to mice (12-24h) (McGill
et al., 2013). This explains why in the mouse almost all interven-
tions beyond 2.5h are no longer effective (James et al., 2003;
Knight et al,, 2002). In humans, this process is substantially
delayed, which may make 4MP similar to NAC effective much
longer than in mice. Third, to prevent toxicity it appears more
advantageous to prevent NAPQI formation (4MP) than to scav-
enge it (NAC) and to prevent JNK activation and the aggravation
of the mitochondrial oxidant stress (4MP) rather than to scav-
enge ROS (NAC). Thus, based on the complementary therapeutic
targets affecting the same mechanisms, which are operative
both in mice and in humans, we can conclude that 4MP is as ef-
fective as antidote against APAP hepatotoxicity as the standard
of care intervention NAC. However, an advantage of 4MP over
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NAC is that it acts directly and does not require additional me-
tabolism as NAC, which needs to be converted to GSH. Thus, un-
der special circumstances, eg, a patient with a defect in
enzymes required for GSH synthesis, 4MP may be more effec-
tive. In addition, in patients who develop an anaphylactic reac-
tion to NAC treatment, which affects more than 10% of patients
(Yamamoto et al., 2014), 4MP may be a better alternative. Lastly,
patients who take a very high overdose, a combination of 4MP
and NAC may be more effective than NAC alone. However,
these assumptions are based on the mechanistic insight in the
mouse model and would need to be verified in patients.
Nevertheless, our mechanistic data provide a strong rationale
for evaluating 4MP in patients.

CONCLUSIONS

Our data indicate that treatment with 4MP beyond the metabo-
lism phase of APAP is still highly protective in the murine
model. The main mechanism of protection is that 4MP can ef-
fectively inhibit JNK activation and thus prevent the aggrava-
tion of the mitochondrial oxidant stress and mitochondrial
dysfunction. The inhibition of JNK by 4MP was further con-
firmed in 2 additional experimental models. Moreover, docking
studies support the hypothesis that 4MP can reversibly bind to
the ATP binding site of JNK. Thus, 4MP is an effective antidote
against APAP hepatotoxicity with protective mechanisms com-
plementary to NAC.
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Supplementary data are available at Toxicological Sciences
online.
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