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Abstract
Acetaminophen (APAP) overdose, which causes liver injury in animals and humans, activates c-jun
N-terminal kinase (JNK). Although it was shown that the JNK inhibitor SP600125 effectively
reduced APAP hepatotoxicity, the mechanisms of protection remain unclear. C57Bl/6 mice were
treated with 10 mg/kg SP600125 or vehicle (8% dimethylsulfoxide) 1h before 600 mg/kg APAP
administration. APAP time-dependently induced JNK activation (detected by JNK phosphorylation).
SP600125, but not the vehicle, reduced JNK activation, attenuated mitochondrial Bax translocation
and prevented the mitochondrial release of apoptosis-inducing factor at 4–12 h. Nuclear DNA
fragmentation, nitrotyrosine staining, tissue GSSG levels and liver injury (plasma ALT release and
necrosis) were partially attenuated by the vehicle (−65%) and completely eliminated by SP600125
(−98%) at 6 and 12h. Furthermore, SP600125 attenuated the increase of inducible nitric oxide
synthase (iNOS) mRNA and protein. However, APAP did not enhance plasma nitrite+nitrate levels
(NO formation); SP600125 had no effect on this parameter. The iNOS inhibitor L-NIL did not reduce
NO formation or injury after APAP but prevented NO formation caused by endotoxin. Since
SP600125 completely eliminated the increase in hepatic GSSG levels, an indicator of mitochondrial
oxidant stress, it is concluded that the inhibition of peroxynitrite was mainly caused by reduced
superoxide formation. Our data suggest that the JNK inhibitor SP600125 protects against APAP-
induced liver injury in part by attenuation of mitochondrial Bax translocation but mainly by
preventing mitochondrial oxidant stress and peroxynitrite formation and thereby preventing the
mitochondrial permeability transition pore opening, a key event in APAP-induced cell necrosis.
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INTRODUCTION
An overdose of acetaminophen (APAP), a commonly used analgesic drug, can cause hepatic
necrosis and even liver failure in humans and animals. APAP overdose is currently the most
frequent cause of drug-induced liver failure in the US (Larson et al. 2005). APAP-induced liver
cell injury is initiated by the formation of a reactive metabolite, N-acetyl-p-benzoquinone imine
(NAPQI), which can be generated by several cytochrome P-450 isoenzymes, especially
CYP2E1 (Nelson, 1990). NAPQI is detoxified by glutathione (GSH), resulting in the depletion
of this sulfhydryl reagent (Mitchell et al., 1973). Once cellular GSH is consumed, NAPQI
covalently binds to cellular proteins (Cohen et al., 1997). However, cell injury correlates less
with total protein binding but more with the capacity to bind to mitochondrial proteins
(Tirmenstein and Nelson 1989; Qiu et al., 2001). These findings support the hypothesis that
covalent binding to mitochondrial proteins may be responsible for mitochondrial dysfunction
(Jaeschke et al., 2003; Jaeschke and Bajt, 2006). The well established effects of an APAP
overdose on mitochondria include inhibition of mitochondrial respiration, enhanced formation
of reactive oxygen species and peroxynitrite, mitochondrial DNA damage, release of
mitochondrial intermembrane proteins, which translocate to the nucleus and cause nuclear
DNA degradation, and ultimately opening of the mitochondrial membrane permeability
transition pore with collapse of the membrane potential (Jaeschke, et al., 2003; Jaeschke and
Bajt, 2006).

c-Jun N-terminal kinase (JNK) is a member of the mitogen-activated protein kinase (MAPK)
superfamily (Hibi et al., 1993). JNK can activate a variety of signal cascades through its
phosphorylation of not only transcription factors such as c-jun (Li et al., 2004), p53 (Cheng et
al., 2003), and ATF-2 (Hayakawa et al., 2003), but also members of the Bcl-2 family
(Latchoumycandane et al. 2007). JNK has 2 ubiquitously expressed isoforms (JNK1, JNK2)
and a tissue-specific isoform (JNK3), which is predominately located in neurons of the central
nervous system (Resnick and Fennell, 2004). JNK1 mediates the majority of c-jun
phosphorylation and JNK2 mainly regulates c-jun stability (Sabapathy et al., 2004).

Studies with APAP overdose clearly demonstrated prolonged activation of JNK before cell
death. Furthermore, pharmacological inhibition of JNK or the silencing of JNK gene expression
resulted in reduced liver injury after APAP overdose (Gunawan et al., 2006; Hanawa et al.,
2008; Henderson et al., 2007). However, the use of JNK-deficient mice yielded mixed results.
One study showed a partial protection with JNK2- but not JNK1-deficient mice (Gunawan et
al., 2006). Other studies did not find a protection with either JNK knockout mice (Henderson
et al., 2007; Bourdi et al., 2008). In contrast, one report suggested a beneficial role of JNK2 in
tissue repair after APAP (Bourdi et al., 2008). Although apoptosis signal-regulating kinase 1
(ASK1), a member of the mitogen-activated protein kinase kinase kinase family, has been
identified as one of the upstream activators of JNK (Nakagawa et al., 2008), the downstream
mechanisms by which JNK affects APAP hepatotoxicity are less clear. It was suggested that
JNK may act by triggering Bax activation and translocation to the mitochondria (Gunawan et
al., 2006). However, Bax-deficient mice are only temporarily protected against APAP-induced
hepatotoxicity (Bajt et al., 2008a) suggesting that additional mechanisms may be operative.
More recently it was proposed that JNK is activated by reactive oxygen species generated by
GSH-depleted mitochondria, which triggers the translocation of activated JNK to mitochondria
resulting in the induction of the mitochondrial permeability transition (Hanawa et al. 2008). A
caveat of this hypothesis is that reactive oxygen species have not been detected outside the
mitochondria (Jaeschke, 1990) and that the more aggressive oxidant peroxynitrite, generated
in mitochondria, was identified as a critical mediator of the injury process (Cover et al.,
2005; Knight et al., 2002). A third mechanism, JNK-mediated activation of inducible nitric
oxide synthase (iNOS), was also suggested (Latchoumycandane et al., 2007). However,
inhibition of iNOS was not consistently beneficial in APAP hepatotoxicity (Hinson et al.,
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2002; Gardner et al., 2002). Therefore, our goal was to assess all three mechanisms
simultaneously and evaluate by which mechanism the pharmacological and genetic inhibition
of JNK protects in an in vivo murine model of APAP hepatotoxicity.

MATERIALS AND METHODS
Animals

Male C57Bl/6J mice (8-10 weeks old), JNK2-deficient mice (B6.129S2-Mapk9tm1Flv/J) or age-
matched wild type (C57Bl/6J) mice were purchased from Jackson Laboratories (Bar Harbor,
ME). Animals received humane care according to the criteria outlined in the “Guide for the
Care and Use of Laboratory Animals”. The experimental protocols were approved by the
institutional animal care and use committee of Kansas University Medical Center.

Experimental Protocols
All animals were fasted overnight and some animals received JNK inhibitor, 10 mg/kg
SP600125 (LC Laboratories, Woburn, MA) dissolved in 8.3 % DMSO in phosphate-buffered
saline (PBS) (1 mg in 125 μl of DMSO diluted with 1375 μl of PBS) or the vehicle alone (15ml/
kg) (Hanawa et al., 2008). JNK inhibitor and vehicle were injected 1 h prior to 300 or 600 mg/
kg APAP (Sigma-Aldrich Chemical Co., St. Louis, MO). APAP was dissolved in warm saline
(15 mg/ml) and injected i.p. To study the effect of glutathione depletion and oxidant stress on
JNK activation, some animals were treated i.p. with 1 mmol/kg tert-butylhydroperoxide
(Sigma), 100 mg/kg phorone (Sigma) (dissolved in corn oil) or both (Jaeschke, 1991).
Additional animals received 2 mg/kg endotoxin (Salmonella abortus equi, Sigma) by i.p.
injection with or without 3.3 mg/kg of the iNOS inhibitor L-N-(1-iminoethyl)lysine (L-NIL,;
Cayman, Ann Arbor, MI) or vehicle (PBS) at 0 and 3 h (Zhang et al., 2000). Groups of animals
were killed by cervical dislocation under isoflurane anesthesia at various times after APAP or
endotoxin injection. Blood was drawn from the vena cava into heparinized syringes and
centrifuged. The plasma was used for determination of alanine aminotransferase (ALT)
activities. Immediately after collecting the blood, the livers were excised and rinsed in saline.
A small section from each liver was placed in 10% phosphate buffered formalin to be used for
H&E staining and immunohistochemical analysis. The remaining liver was frozen in liquid
nitrogen and stored at −80°C.

Methods
Plasma ALT activities were determined with the kinetic test kit 68-B (Biotron Diagnostics,
Inc., Hernet, CA) and expressed as IU/liter. In addition, the plasma concentrations of nitrite/
nitrate were determined with a Nitrate/Nitrite Colorimetric Assay Kit (Cayman) based on
the Griess reaction. Total soluble GSH and GSSG were measured in the liver homogenate with
a modified method of Tietze as described in detail (Jaeschke and Mitchell 1990; Knight et al.,
2002). Briefly, the frozen tissue was homogenized at 0°C in 3% sulfosalicylic acid containing
0.1 mM EDTA. For GSSG measurement, GSH was trapped with 10 mM N-ethylmaleimide.
After dilution with 0.01 N HCl, the sample was centrifuged and the supernatant was diluted
with 100 mM potassium phosphate buffer (KPP), pH 7.4. The samples were assayed using
dithionitrobenzoic acid. All data are expressed in GSH-equivalents.

Quantitative Real-time Reverse Transcription Polymerase Chain Reaction (qRT-PCR)
Expression of selected genes was quantified using qRT-PCR analysis as previously described
(Bajt et al., 2008b). Briefly, total RNA was reverse transcribed with MuLV reverse
transcriptase and aligo-dT primers. The forward and reverse primers for all genes were
designed using Primer Express software (Applied Biosystems, Foster City, CA). The SYBR
green PCR Master Mix (Applied Biosystems, Foster City, CA) was used for real-time PCR
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analysis. The relative differences in expression between groups were expressed using cycle
time (Ct) values. Ct values for the various genes were first normalized with that of β-actin in
the same sample, and then relative differences between groups were expressed as relative
increases setting control as 1.0. Assuming that the Ct value is reflective of the initial starting
copy and that there is 100 % efficiency, a difference of one cycle is equivalent to a two-fold
difference in starting copy using the 2⋀ (−ddCt) formula.

Histology and immunohistochemistry
Formalin-fixed tissue samples were embedded in paraffin and 4 μm sections were cut. Replicate
sections were stained with hematoxylin and eosin (H&E) for evaluation of necrosis (Gujral et
al., 2002). Sections were also stained for nitrotyrosine (NT) protein adducts with the DAKO
LSAB peroxidase Kit (K684) (DAKO Corp., Carpinteria, CA) and an anti-nitrotyrosine
antibody (Molecular Probes, Eugene, OR) (Knight et al., 2002). For the terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay, sections of
liver were stained with the In Situ Cell Death Detection Kit, AP (Roche Diagnostics,
Indianapolis, IN) as described in the manufacturer’s instructions (Gujral et al., 2002).

Isolation of subcellular fractions and western blotting
Mitochondria and cytosolic fractions were isolated as described (Cover et al., 2005). Briefly,
the liver was homogenized in ice cold isolation buffer (pH7.4) containing 220 mM mannitol,
70 mM sucrose, 2.5 mM HEPES, 10 mM EDTA, 1 mM EGTA, and 0.1% bovine serum
albumin. Mitochondria were isolated by differential centrifugation (10,000g) and washed with
2 ml of isolation buffer. The supernatant of the 10,000 g spin was centrifuged at 100,000 g and
the supernatant represented the cytosolic fraction. Following the isolation, mitochondrial and
cytosolic content of Bax, apoptosis-inducing factor (AIF), iNOS, JNK2, P-JNK and β-actin
were analyzed by Western blotting as described in detail (Bajt et al., 2000). The following
antibodies were used: a rabbit anti-Bax polyclonal antibody (Cell Signaling Technology,
Danvers, MA), a rabbit anti-AIF monoclonal antibody (Epitomics, Burlingame, CA), a rabbit
anti-iNOS polyclonal antibody (BD Biosciences Pharmingen, San Jose, CA), a rabbit anti-
phospho-JNK polyclonal antibody (Cell signaling Technology, Danvers, MA), a rabbit anti-
JNK antibody (recognizes only JNK2) (Santa Cruz Biotechnology Inc., Santa Cruz, CA), and
a rabbit anti-β-actin monoclonal antibody. A horseradish peroxidase-coupled anti-rabbit IgG
(Santa Cruz)) was used as secondary antibody. Proteins were visualized by enhanced
chemiluminescence (Amersham Pharmacia Biotech. Inc., Piscataway, NJ).

Statistics
Data are expressed as means ± S.E. Comparison between two groups were performed with
Student’s t-test or one-way ANOVA followed by Bonferroni t-test for multiple groups. If the
data were not normally distributed, the Mann-Whitney test was applied for comparison of two
groups and the Kruskal-Wallis Test (nonparametric ANOVA) followed by Dunn’s Multiple
Comparisons Test for multiple groups. P<0.05 was considered significant.

RESULTS
Functional significance of JNK activation after APAP overdose: JNK2 KO Mice

For studying mechanisms of APAP-induced liver injury, the most frequently used dose by us
and others is 300 mg/kg in overnight fasted animals (Knight et al., 2001,2002;Cover et al.,
2005;Hinson et al., 1998;Gardner et al., 2002). This dose consistently causes severe liver injury
in almost all mouse strains. Administration of 300 mg/kg APAP resulted in the activation of
JNK in the livers of C57Bl/6 mice as indicated by the appearance of the phosphorylated form
(P-JNK) with an early peak at 2 h and second peak at 6 h (Figure 1A). At 24 h, no P-JNK was
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detectable. The phosphorylation of both JNK isoforms (JNK1, 46 kDa; JNK2, 54 kDa)
observed after APAP is consistent with previous reports (Hanawa et al., 2008;Henderson et al.
2007;Latchoumycandane et al. 2007). Delayed treatment with GSH, which effectively
scavenged peroxynitrite and hydrogen peroxide (Knight et al., 2002) or treatment with
ZnCl2, which induced metallothionein and partially prevented the mitochondrial oxidant stress
(Saito et al., 2010a), also prevented JNK activation at 6 h after APAP (Figure 1B). These data
suggest that JNK activation is linked to the early formation of oxidant stress in this model.
Both, the scavenging of reactive oxygen by GSH administration and the partial prevention of
mitochondrial oxidant stress by Zn pretreatment together with the inhibition of JNK activation
resulted in significantly reduced liver injury (Figure 1C). Consistent with previous reports
(Hanawa et al., 2008;Henderson et al. 2007), there was no change in total JNK2. To evaluate
if GSH depletion, an oxidant stress or a combination of both might be responsible for JNK
activation, hepatic GSH levels were depleted with phorone and an oxidant stress was induced
by treatment with 1 mmol/kg t-BHP without GSH depletion (Figure 2). Neither GSH depletion
nor the tBHP-induced oxidant stress alone was able to activate JNK. In contrast, the combined
effect of GSH depletion and oxidant stress caused strong JNK activation (Figure 2). However,
there was neither liver injury (increase in plasma ALT activities) nor evidence for nitrotyrosine
staining in the phorone/tBHP group (data not shown). These data suggest that APAP-mediated
JNK activation was most likely also caused by a combined effect of GSH depletion and oxidant
stress. However, JNK activation alone was not able to induce liver cell injury.

A previous report suggested that JNK2 is mainly responsible for the effect of JNK in this model
(Gunawan et al., 2006) To evaluate the pathophysiological role of JNK2, wild type and JNK2
KO mice were treated with 300 mg/kg APAP. At 6 h, plasma ALT levels increased to a similar
degree in both WT and JNK2 KO mice (Figure 3A) reflecting severe centrilobular necrosis
(Figure 3B). To confirm the findings with JNK2 KO mice, C57Bl/6 mice were treated with
the general JNK inhibitor SP600125 or the vehicle DMSO/PBS. Although 300 mg/kg APAP
alone caused severe liver injury at 6 h (plasma ALT: 5220 ± 1085 U/L), treatment with the
vehicle alone or with SP600125 completely prevented any liver injury (data not shown). The
reason for the complete protection by the vehicle alone is that the dose of DMSO (1.2 ml/kg)
necessary to dissolve the inhibitor effectively blocks the metabolic activation of APAP
(Jaeschke et al., 2006). Thus, a higher dose of APAP (600 mg/kg) had to be used to overcome
this block (Hanawa et al., 2008).

Functional significance of JNK activation after APAP overdose: SP600125
Treatment of C57Bl/6 mice with 600 mg/kg APAP resulted in a rapid loss of hepatic GSH
content due to NAPQI formation (Figure 4). Within 20 min GSH levels decreased by 62% and
within 2 h 92% was lost. Due to the high dose of APAP, there was only very limited recovery
at 6 h (levels were still 78% below baseline) (Figure 4). However, pretreatment with SP600125
or its vehicle substantially delayed the initial decline but caused also an 81-88% loss of hepatic
GSH levels by 2 h (Figure 4). At 6 h, PBS and DMSO treated animals had the same low GSH
levels but the SP600125-treated animals showed some minor recovery compared to the vehicle-
treated groups (Figure 4). These data indicate that the high doses of APAP overcame some of
the early inhibition of the metabolic activation in the presence of DMSO. To evaluate the
functional significance of JNK, the effect of SP600125 on liver injury was evaluated at 6 and
12 h after APAP (Figure 5A,B). Compared to PBS-treated animals, the DMSO-containing
vehicle substantially attenuated liver injury at both time points as reflected by the
approximately 65% reduction in ALT release at both time points (Figure 5A) and the reduced
area of necrosis at 12 h (Figure 5B). However, liver injury was essentially completely prevented
by pretreatment with SP600125 (Figure 5A,B). These findings were confirmed by using the
TUNEL assay to evaluate nuclear DNA damage (Figure 5C). Previous reports from our
laboratory provided evidence for the translocation of mitochondrial intermembrane proteins
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such as apoptosis-inducing factor (AIF) and endonuclease G to the nucleus as the main cause
of the nuclear DNA damage after APAP overdose (Bajt et al., 2006). This effect was caused
initially by formation of Bax pores in the outer membrane and subsequently by mitochondrial
swelling and rupture of the outer membrane due to the MPT (Bajt et al., 2008a). In support of
these events, JNK activation, release of AIF into the cytosol and translocation of Bax to the
mitochondria was observed 12 h after APAP (Figure 6A,B). Although the vehicle was without
effect on these parameters, SP600125 effectively reduced JNK activation, mitochondrial AIF
release and mitochondrial Bax translocation (Figure 6A,B). To confirm that these events are
not just consequences of the protection observed at 12 h, the same parameters were also
measured at an earlier time point (4 h) where only minimal injury occurred (Figure 6C). Again,
APAP caused JNK activation, mitochondrial Bax translocation and release of AIF, all of which
was effectively attenuated by SP600125 (Figure 6C). The vehicle DMSO also prevented
mitochondrial AIF release at this early time point but had no relevant effect on JNK activation
and mitochondrial Bax translocation (Figure 6C). Together these data support the conclusion
that JNK activation causes, at least in part, mitochondrial Bax translocation, which is
responsible for the initial AIF and endonuclease G release from the mitochondria and early
nuclear DNA damage. However, studies with Bax-deficient mice showed no effect of Bax on
mitochondrial oxidant stress and peroxynitrite formation, which ultimately was responsible for
the later release of AIF and endonuclease G and the resulting DNA degradation and cell death
(Bajt et al., 2008a). Since SP600125 effectively prevented cell death even at later time points,
these data suggest that JNK must have additional, more critical effects than just causing Bax
activation.

Effect of SP600125 on iNOS expression and peroxynitrite formation
It is well established that APAP overdose causes peroxynitrite formation in cells undergoing
necrotic cell death (Hinson et al., 1998; Knight et al., 2001). To evaluate if JNK activation is
associated with peroxynitrite formation, liver tissue was stained for nitrotyrosine protein
adducts (Figure 7). APAP overdose caused substantial peroxynitrite formation in centrilobular
hepatocytes at 6 h (Figure 7) and at 12 h (data not shown). Pretreatment with the vehicle DMSO
partially reduced and treatment with SP600125 completely eliminated nitrotyrosine staining
at both 6 and 12 h (Figure 7). These data suggest that JNK activation is involved in peroxynitrite
formation. Since it was previously hypothesized that JNK activation may enhance liver injury
by promoting peroxynitrite formation through iNOS induction (Latchoumycandane et al.,
2007), the effect of APAP and JNK on iNOS was investigated. APAP overdose caused a 3.5-
fold and a 7-fold increase of iNOS mRNA at 6 and 12 h, respectively (Figure 8A). This
translated into a minor increase in iNOS protein expression at 6 h (Figure 8B) and at 12 h (data
not shown). However, plasma nitrite + nitrate levels as indicators of NO formation did not
change significantly (Figure 8C). Although SP600125 attenuated iNOS mRNA and protein
levels, there was no significant effect on plasma nitrite + nitrate concentrations (Figure 8). In
addition, the iNOS inhibitor L-Nil, affected neither plasma nitrite + nitrate levels (Figure 8C)
nor APAP-induced liver injury (Figure 8D) or nitrotyrosine staining (Figure 7). As a positive
control, endotoxin treatment substantially enhanced plasma nitrite + nitrate concentrations,
which where reduced to baseline by L-Nil (Figure 8C). Although these data confirm that JNK
was involved in a minor transcriptional induction of iNOS after APAP overdose, the beneficial
effect of inhibiting JNK activation on peroxynitrite formation and liver injury was independent
of iNOS.

Role of JNK in APAP-induced mitochondrial oxidant stress
Since APAP-induced peroxynitrite formation did not appear to be caused by JNK-mediated
enhanced NO generation, especially from iNOS, formation of reactive oxygen was assessed.
It was previously demonstrated that increased tissue levels of GSSG after APAP reflect mainly
mitochondrial superoxide/hydrogen peroxide but not peroxynitrite formation (Jaeschke,
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1990; Knight et al., 2001, 2002). Thus, GSH and GSSG levels were measured at 12 h after
APAP (Figure 9). The total hepatic glutathione content (GSH+GSSG) was still partially
depleted after treatment with APAP alone but GSSG levels were significantly elevated above
controls (Figure 9A,B). This resulted in an increased GSSG-to-GSH ratio from less than 0.5
to more than 2.5 (Figure 9C). The vehicle-treated group, which was partially protected against
APAP-induced liver injury (Figure 5), showed higher total glutathione and GSSG levels
resulting in a significantly elevated GSSG-to-GSH ratio (Figure 9). These data indicate that
the vehicle DMSO accelerated the recovery of liver GSH levels and improved the
detoxification of reactive oxygen species but did not prevent the APAP-induced oxidant stress.
In contrast, the JNK inhibitor SP600125 did not only promote the faster recovery of the hepatic
GSH content, it completely prevented the increase in GSSG levels and the change in the GSSG-
to-GSH ratio (Figure 9). These data are consistent with the conclusion that the JNK inhibitor
completely prevented the APAP-induced oxidant stress.

DISCUSSION
Protection against APAP hepatotoxicity by JNK inhibition

The main goal of this study was to evaluate the relative importance of several potential
mechanisms of the involvement of JNK signaling in APAP-induced liver injury. JNK
activation was monitored by formation of P-JNK due to the autophosphorylation of JNK during
activation, and the fact that JNK can phosphorylate a variety of downstream proteins not always
to the same degree (Wicovsky et al., 2007). Overall, our data showing JNK activation after
APAP overdose and a protective effect with the specific JNK inhibitor SP600125 (Bennett et
al., 2001) are in agreement with several previous studies (Gunawan et al., 2006; Hanawa et al.,
2008; Henderson et al., 2007; Latchoumycandane et al., 2007). Furthermore, the importance
of JNK in APAP-induced liver injury was demonstrated by the elimination of ASK, an
upstream activator of JNK (Nakagawa et al., 2008). Our studies also support the conclusion
that inhibition of JNK2 alone is not effective in reducing APAP hepatotoxicity (Bourdi et al.,
2008; Hanawa et al., 2008; Henderson et al., 2007). Although these findings appear to be
different from an earlier report (Gunawan et al., 2006), these initial studies that showed a
beneficial effect in JNK2-deficient mice were done with DMSO as solvent for APAP and a
dose of 800 mg/kg APAP. Because all studies including our own that did not find a protection
by eliminating only JNK2 were done in the absence of DMSO, this organic solvent may unmask
a preferential role of JNK2 in the pathophysiology of APAP hepatotoxicity. In addition,
selective elimination of JNK1 was also ineffective (Bourdi et al., 2008; Gunawan et al.,
2006; Henderson et al., 2007). However, we did not observe an increase in APAP-induced
liver injury at the 6 h time point using JNK2-/- mice as was reported by Bourdi et al. (2008)
for 12 -32 h after APAP. Another important observation in our study is the fact that the solvent
used to administer SP600125 (DMSO in PBS) clearly inhibits the early metabolic activation
of APAP and accounts for a substantial protection in this model. Although the inhibitor
provides a significant additional effect, it cannot be excluded that the high efficacy of
SP600125 may involve some solvent effect. In addition, the use of a very high overdose of
APAP (600 mg/kg) in the presence of DMSO also bears the risk that additional mechanisms
of injury, not present at the lower overdose, may be involved. However, since a peptide inhibitor
of JNK in the absence of DMSO showed similar protection after 350 mg/kg APAP as
SP600125 after 600 mg/kg APAP (Henderson et al., 2007), it can be concluded that the
beneficial effect is predominantly caused by inhibition of JNK rather than the initial inhibition
of the metabolism.

JNK activation and Bax translocation
Our data indicate that inhibition of JNK reduces, at least in part, the mitochondrial
translocation of Bax and the release of AIF from the mitochondria at early and late time points
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after APAP administration. At 4 h, DMSO treatment strongly attenuated AIF release without
affecting mitochondrial Bax translocation (Figure 6C). This could indicate a direct effect of
the vehicle on AIF release, which is also consistent with the reduced early nuclear DNA
fragmentation. However, these preliminary findings need to be studied in more detail in the
future. Nevertheless, the effect of JNK on Bax is in agreement with previous reports (Gunawana
et al., 2006; Hanawa et al., 2008). We have shown that mitochondrial Bax translocation is an
early event (beginning at 1 h) after APAP overdose, which is responsible for the early release
of intermembrane proteins (Jaeschke and Bajt, 2006; Bajt et al., 2008a). Although the release
of cytochrome c and the second mitochondria-derived activator of caspases (Smac) does not
result in activation of caspases (Knight and Jaeschke, 2002), the nuclear translocation of AIF
and endonuclease G appears to be mainly responsible for the characteristic nuclear DNA
fragmentation observed after APAP (Bajt et al., 2006). Since Bax-deficient mice show a strong
reduction of intermembrane protein release, nuclear DNA damage and cell injury, it can be
concluded that these Bax-mediated events contribute to cell death at these early time points
(Bajt et al., 2008a). However, mitochondrial Bax translocation does not affect mitochondrial
oxidant stress and peroxynitrite formation, which subsequently will trigger the MPT resulting
in mitochondrial swelling and rupture of the outer membrane (Bajt et al., 2008a). At this later
time point, intermembrane proteins are released independent of Bax. Thus, even complete
elimination of Bax results only in a temporary protection against APAP overdose. This means
that the protective effect of JNK inhibition, which lasts during the first 12-24 h, can at best be
mediated in part by inhibiting mitochondrial Bax translocation.

The possibility that JNK activation leads to inactivation of the protective Bcl-2 family members
Bcl-2 and Bcl-xL by phosphorylation could also contribute to the mitochondrial dysfunction
(Latchoumycandane et al., 2007). However, the protective role of Bcl-2 in APAP
hepatotoxicity has been questioned as Bcl-2 overexpressing mice show higher injury compared
to wild type animals (Adams et al., 2001). Other mechanisms suggested by which inhibition
of JNK activation could be protective include the inhibition of Bid processing by caspase-8
inactivation (Wang et al., 2006) and downregulation of Bad expression (Takamura et al.,
2007). However, this appears to be a mechanism mainly relevant for TNF-mediated apoptosis.
Although not all of the individual Bcl-2 family members have been assessed in the APAP
model, Bid-deficient mice are not protected (H. Jaeschke and X.M. Yin, unpublished) and
pancaspase inhibitors do not prevent mitochondrial dysfunction and liver injury after APAP
(Lawson et al., 1999; Jaeschke et al., 2006) suggesting that potential effects of JNK on
caspase-8 activation and Bid may not be relevant for the injury process.

JNK activation and iNOS induction
Peroxynitrite, which is formed by the combination of the two radical species superoxide and
nitric oxide (NO), is generated in cells undergoing necrosis during APAP hepatotoxicity
(Hinson et al., 1998). We identified mitochondria as the primary site of peroxynitrite formation
within the cells (Cover et al., 2005). Scavenging of this aggressive oxidant and nitrating agent
by GSH resulted in a profound protection and improved regeneration (Knight et al., 2002; Bajt
et al., 2003; Saito et al., 2010b). However, the source of NO is still controversial. An induction
of iNOS during APAP-induced liver injury has been reported (Gardner et al., 2002;
Latchoumycandane et al., 2007) but peroxynitrite formation in the absence of iNOS induction
was also observed (Knight et al., 2001). In the current study we found a relevant increase of
iNOS mRNA but only a moderate increase in iNOS protein expression. Furthermore, no
significant elevation of plasma nitrite+nitrate levels as indicators of actual NO formation was
found. The potent iNOS inhibitor L-Nil (Zhang et al., 2000), which completely prevented the
endotoxin-induced increase in plasma nitrite+nitrate levels, had no effect on the formation of
NO or peroxynitrite during APAP hepatotoxicity and did not affect liver injury. These data do
not support the hypothesis that iNOS-derived NO is critical for APAP-induced peroxynitrite
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formation and liver injury under our present conditions. A potential reason for the limited
importance of iNOS during APAP-induced liver injury may be the formation of IL-10, which
can suppress pro-inflammatory gene expression, including iNOS, thereby reducing a potential
contribution of iNOS to the pathophysiology (Bourdi et al., 2002). Although SP600125
attenuated iNOS mRNA and also the minor increase in protein expression, there was no effect
on plasma nitrite+nitrate levels. Together these data suggest that JNK activation may contribute
to a limited iNOS induction during APAP hepatotoxicity. However, consistent with previous
data reported by us and others (Knight et al., 2001; Hinson et al., 2002), iNOS did not play a
relevant role and therefore it is unlikely that the profound protective effect of JNK inhibition
was mediated by effects on iNOS. These conclusions are different than those of
Latchoumycandane et al. (2006, 2007). However, these investigators used leflonamide, which
may have had additional effects beyond just inhibiting JNK.

JNK activation and oxidant stress
Our previous studies with APAP hepatotoxicity documented the presence of a mitochondrial
oxidant stress (Jaeschke, 1990; Knight et al., 2001) and mitochondrial peroxynitrite formation
(Cover et al., 2005), which preceded cell death and occurred as soon as GSH was depleted
(Bajt et al., 2004). Furthermore, when peroxynitrite was being scavenged and more ROS was
detoxified by accelerated recovery of mitochondrial GSH levels initiated by treatment with
GSH (Knight et al., 2002; Saito et al., 2010b), JNK activation was prevented (Figure 1).
Likewise, when the mitochondrial oxidant stress is inhibited by scavenging of NAPQI by
metallothionein induction (Saito et al., 2010a), JNK activation was prevented (Figure 1). In
addition, the combined effect of GSH depletion and oxidant stress induced by tBHP caused
JNK activation (Figure 2). These findings suggest that in agreement with previous findings
(Hanawa et al., 2008), an early oxidant stress in the presence of low GSH levels was the main
trigger of JNK activation after APAP overdose. However, our findings also indicate that GSH
depletion alone was not able to induce JNK activation. There is no evidence that massive GSH
depletion alone causes relevant oxidant stress leading to cell injury in the liver in vivo. These
findings are in agreement with previous reports showing in isolated hepatocytes and in vivo
that a massive chemical-induced oxidant stress leads to JNK activation (Czaja et al., 2003;
Conde de la Rosa et al., 2006; Hong et al., 2009). However, the oxidant stress most likely does
not activate JNK directly, but targets upstream events such promoting either the dissociation
of thioredoxin and apoptosis signal-regulating kinase 1 (ASK1) (Nakagawa et al., 2008) or the
Ras pathway (Saha and Nandi, 2009). Alternatively, JNK can be released from a complex with
glutathione-S-transferase Pi (GST-Pi) by binding of NAPQI to GST (Elsby et al., 2003). This
would be in agreement with AMAP treatment not activating JNK (Hanawa et al., 2008) and
the fact that JNK activation occurs in the cytosol and oxidant stress occurs mainly in
mitochondria. In addition, the fact that JNK was activated by GSH depletion and oxidant stress
without causing injury suggested that additional effects involving protein binding of NAPQI
and not just JNK activation are required for APAP hepatotoxicity.

Although JNK appears to be activated by the initial oxidant stress, given the fact that
nitrotyrosine staining of the tissue was eliminated by the JNK inhibitor at 6 and 12 h after
APAP and that there was no increase of tissue GSSG or the GSSG-to-GSH ratio, it can be
concluded that SP600125 effectively prevented the formation of reactive oxygen species. Since
ROS and peroxynitrite are mainly formed in mitochondria, this suggested that JNK activation
promotes the formation of ROS in this cell organelle. Interestingly, the solvent of the JNK
inhibitor (DMSO in PBS) did not prevent the oxidant stress (judged by GSSG formation) but
appears to allow a faster recovery of hepatic GSH levels, which seem to scavenge some of the
ROS and peroxynitrite, and thereby reduces tissue injury. The effect of DMSO is attributed
to its inhibitory effect on APAP activation, which limits the injury and promotes recovery.
Nevertheless, the JNK inhibitor has clearly additional effects that prevent the mitochondrial
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oxidant stress. Hanawa et al (2008) proposed that translocation of activated JNK may induce
the MPT. Given the time sequence of rapid GSH depletion and mitochondrial dysfunction
followed by oxidant stress, eventually the MPT and then cell necrosis (Bajt et al., 2004; Kon
et al., 2004), it appears that JNK activation enhances the oxidant stress and peroxynitrite
formation, which subsequently induces the MPT. Mitochondrial oxidant stress is a potent
inducer of the MPT (Nieminen et al., 1997). This does not exclude that JNK can synergistically
promote the MPT through acting directly on proteins involved in the MPT (Hanawa et al.,
2008). However, it appears highly unlikely that JNK inhibition can prevent the MPT in the
presence of a substantial mitochondrial oxidant stress and peroxynitrite formation. Further
studies are necessary to identify the various targets of JNK in the mitochondria.

In summary, our data support the hypothesis that prolonged JNK activation, which is a critical
factor in cell injury, occurs after APAP overdose (Figure 10). Both GSH depletion and an
oxidant stress are required for JNK activation, which seems to control at least in part the early
release of intermembrane proteins and DNA fragmentation through mitochondrial Bax
translocation. However, the most important effect of JNK inhibition was a profound
suppression of peroxynitrite formation, which was not caused by inhibition of iNOS induction.
In contrast, there was clearly a complete elimination of the mitochondrial oxidant stress
suggesting an effect of JNK activation on mitochondrial ROS formation. Although the exact
target of JNK in the mitochondria has to be identified, it appears to be upstream of the MPT.
Because of the critical role of oxidant stress and peroxynitrite for the propagation of cell
injury, especially mitochondrial viability, these data demonstrate that JNK could be an
important target to limit cell injury and liver failure, at least during the first 24 h after APAP
overdose.
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Figure 1.
JNK activation in response to treatment with 300 mg/kg acetaminophen (APAP). A. Time
course of P-JNK formation as indicator of JNK activation in response to APAP treatment. β-
actin protein expression is shown as loading control. B. Total JNK2 and P-JNK protein
expression were measured in untreated controls (C) and in animals treated with 300 mg/kg
APAP alone (6 h) or together with either 0.65 mmol/kg GSH (i.v.) administered at 1.5 h after
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APAP or 100 μmol/kg ZnCl2 administered for 3 days as described in details in the methods
section. C. Plasma alanine aminotransferase (ALT) activities as an indicator for APAP-induced
hepatotoxicity were measured in C57BL/6 mice 6 h after 300 mg/kg APAP administration.
Data represent means ± SE of n = 4 animals per group. *P<0.05 (compared to untreated
controls). #P<0.05 (compared to APAP/PBS).

Saito et al. Page 15

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
JNK activation in response to GSH depletion with phorone (100 mg/kg; PH), oxidant stress (1
mmol/kg tBHP ) or a combination of both was determined 2 h after phorone or 1 h after tBHP.
Total JNK2 protein expression is shown as loading control. B. Total glutathione levels were
measured 2 h after phorone or 1 h after tBHP. Data represent means ± SE of n = 4 animals per
group. *P<0.05 (compared to untreated controls).
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Figure 3.
A. Plasma alanine aminotransferase (ALT) activities as an indicator for APAP-induced
hepatotoxicity were measured in C57BL/6 wild type and JNK2-deficient mice 6 h after 300
mg/kg APAP administration. Data represent means ± SE of n = 4 animals per group. *P<0.05
(compared to untreated controls). B. Representative liver sections of animals treated for 6 h
with 300 mg/kg APAP were stained with H&E. (×50 for all panels).
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Figure 4.
The liver content of total glutathione (GSH + GSSG) was determined in untreated controls (C)
or 20 min, 2 h or 6 h after injection of APAP (600 mg/kg, ip). Some of the animals were
pretreated with either 15 ml/kg PBS, 15 ml/kg DMSO (8.3% in PBS) or SP600125 (10 mg/kg
in DMSO/PBS). Data represent means ± SE of n = 4 animals per group. *P<0.05 (compared
to C) #P<0.05 (compared to APAP- PBS).
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Figure 5.
A. Plasma ALT activities were measured in untreated controls (C) and at 6 or 12 h after
administration of 600 mg/kg APAP in mice with either 15 ml/kg PBS, 15 ml/kg DMSO in PBS
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or 10 mg/kg of the JNK inhibitor SP600125 at 1 h before APAP. Data represent means ± SE
of n= 4-6 animals per group. *P<0.05 (compared to C), #P<0.05 (compared to APAP-PBS)
and $P<0.05 (compared to DMSO). B. Histological assessment of liver injury in representative
H&E-stained tissue sections obtained 12 h after APAP administration. C. DNA fragmentation
was evaluated by the TUNEL assay in animals treated with 600 mg/kg APAP for 12 h. (×50
for all panels).
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Figure 6.
P-JNK and JNK2 protein expression were determined in whole liver homogenates by Western
blot analysis in untreated controls and at 12 h (A/B) and 4 h (C) after APAP (600 mg/kg). The
APAP-treated animals received either 15 ml/kg PBS, 15 ml/kg DMSO/PBS or 10 mg/kg of
the JNK inhibitor SP600125 in DMSO/PBS. B. Apoptosis-inducing factor (AIF) and Bax
protein levels were determined by Western blot analysis in the cytosol and mitochondria,
respectively, from animals treated with APAP and PBS, DMSO or SP600125 as described in
panel A. The same parameters as in panel A/B were again measured at 4 h after APAP (C).
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Figure 7.
Nitrotyrosine staining as indicator of peroxynitrite formation in mice treated with 600 mg/kg
APAP for 6 h or 12 h. Some of the animals received PBS, DMSO or the JNK inhibitor SP600125
at 1 h before APAP administration. One group of animals was treated with the iNOS inhibitor
L-N-(1-iminoethyl)lysine (L-NIL; 3.3 mg/kg) at 0 and 3 h after APAP.
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Figure 8.
A. Hepatic iNOS mRNA expression was measured by real time PCR in mice at 6 h and 12 h
after 600 mg/kg APAP treatment. Data are expressed as the iNOS-to-actin mRNA ratio; the
value of untreated control animals was set as 1. Some of the animals received 15 ml/kg PBS,
15 ml/kg DMSO/PBS or 10 mg/kg SP600125 in DMSO/PBS at 1 h before APAP
administration. Data represent means ± SE of n = 3 animals per group. *P<0.05 (compared to
C), #P<0.05 (compared to APAP/PBS). B. Western blot analysis of iNOS expression in livers
of controls or animals treated with 600 mg/kg APAP for 6 h. One to three representative samples
are shown from each group. The numbers under the blot show the results of the densitometric
analysis. Data of control animals were set as 1. C. Plasma nitrate plus nitrite, which were used
as a marker of NO production, and D. plasma ALT activities were measured at 6 h after 600
mg/kg APAP or 2 mg/kg endotoxin (ET). Some of the animals received 15 ml/kg PBS (P), 15
ml/kg DMSO (8.3% in PBS) (D) or 10 mg/kg SP600125 in DMSO/PBS (SP) at 1 h before
APAP administration. An additional group was treated with 3.3 mg/kg of the iNOS inhibitor
L-N-(1-iminoethyl)lysine (NIL) at 0 and 3 h after APAP or LPS administration. Data represent
means ± SE of n= 3-4 animals per group. *P<0.05 (compared to C), #P<0.05 (compared to P).
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Figure 9.
Hepatic content of total GSH (GSH + GSSG) (Panel A) and GSSG (Panel B) were measured
in untreated controls (C) and in animals treated with 600 mg/kg APAP for 12 h. In addition,
the GSSG-to-GSH ratio (Panel C) was calculated from each animal. Some of the animals
received 15 ml/kg PBS (P), 15 ml/kg DMSO (8.3% in PBS) (D) or 10 mg/kg SP600125 in
DMSO/PBS (SP) at 1 h before APAP administration. Data represent means ± SE of n = 4
animals per group. *P<0.05 (compared to C), #P<0.05 (compared to P).
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Figure 10.
Proposed intervention points of JNK activation during acetaminophen (APAP)-induced liver
injury.
Abbreviations: AIF, apoptosis-inducing factor; ASK, apoptosis signal-regulating kinase 1;
GSH, glutathione; GSSG, glutathione disulfide; GST-Pi, glutathione S-transferase Pi; JNK, c-
jun-N-terminal kinase; MOMP, mitochondrial outer membrane permeabilization; MPT,
mitochondrial membrane permeability transition pore; NAPQI, N-acetyl-p-benzoquinone
imine; NT adducts, nitrotyrosine adducts;
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