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a b s t r a c t
Acetaminophen (APAP) hepatotoxicity is the most frequent cause of acute liver failure in many countries. The
mechanism of cell death is initiated by formation of a reactive metabolite that binds to mitochondrial proteins
and promotes mitochondrial dysfunction and oxidant stress. Manganese superoxide dismutase (SOD2) is a
critical defense enzyme located in the mitochondrial matrix. The objective of this investigation was to
evaluate the functional consequences of partial SOD2-deﬁciency (SOD2+/−) on intracellular signaling
mechanisms of necrotic cell death after APAP overdose. Treatment of C57Bl/6J wild type animals with 200 mg/
kg APAP resulted in liver injury as indicated by elevated plasma alanine aminotransferase activities (2870 ±
180 U/L) and centrilobular necrosis at 6 h. In addition, increased tissue glutathione disulﬁde (GSSG) levels and
GSSG-to-GSH ratios, delayed mitochondrial GSH recovery, and increased mitochondrial protein carbonyls and
nitrotyrosine protein adducts indicated mitochondrial oxidant stress. In addition, nuclear DNA fragmentation
(TUNEL assay) correlated with translocation of Bax to the mitochondria and release of apoptosis-inducing
factor (AIF). Furthermore, activation of c-jun-N-terminal kinase (JNK) was documented by the mitochondrial
translocation of phospho-JNK. SOD2+/− mice showed 4-fold higher ALT activities and necrosis, an
enhancement of all parameters of the mitochondrial oxidant stress, more AIF release and more extensive DNA
fragmentation and more prolonged JNK activation. Conclusions: the impaired defense against mitochondrial
superoxide formation in SOD2+/− mice prolongs JNK activation after APAP overdose and consequently
further enhances the mitochondrial oxidant stress leading to exaggerated mitochondrial dysfunction, release
of intermembrane proteins with nuclear DNA fragmentation and more necrosis.
© 2011 Elsevier Inc. All rights reserved.

Introduction
Acetaminophen (APAP) is a widely used analgesic and antipyretic
drug, which is safe at therapeutic doses. An overdose, however, can trigger
liver injury and even liver failure in animals and humans (Larson et al.,
2005). Liver injury depends on the formation of a reactive metabolite,
N-acetyl-p-benzoquinone imine (NAPQI), which initially can be detoxiﬁed
by conjugation with glutathione (Mitchell et al., 1973; Nelson, 1990) but
eventually binds to cellular proteins (Jollow et al., 1973; Cohen et al.,
1997). However, it appears that not random binding to cellular proteins
but binding to mitochondrial proteins is a critical early event in the
pathophysiology (Tirmenstein and Nelson, 1989; Qiu et al., 2001). This
triggers mitochondrial dysfunction as indicated by inhibition of respiration and declining ATP levels (Meyers et al., 1988; Jaeschke, 1990;
Tirmenstein and Nelson, 1990). Most importantly, there is increased
formation of reactive oxygen (Jaeschke, 1990; Tirmenstein and Nelson,
1990; Knight et al., 2001) and peroxynitrite (Cover et al., 2005) inside the
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mitochondria. Because of the extensive depletion of cytosolic and
mitochondrial glutathione levels during the early phase of APAP
metabolism (Knight et al., 2001), the detoxiﬁcation of these reactive
oxygen and reactive nitrogen species is severely impaired leading to
activation of c-jun-N-terminal kinase (JNK) (Hanawa et al., 2008; Saito
et al., 2010a), mitochondrial DNA damage (Cover et al., 2005), and the
mitochondrial membrane permeability transition (MPT) pore opening
with collapse of the mitochondrial membrane potential (Kon et al.,
2004; Ramachandran et al., 2011). The characteristic nuclear DNA
fragmentation (Ray et al., 1990) is caused by the nuclear translocation
of mitochondrial intermembrane proteins such as apoptosis-inducing
factor (AIF) and endonuclease G (Bajt et al., 2006). The release of the
intermembrane proteins is facilitated initially by JNK-induced translocation of Bax to the mitochondria and formation of Bax pores (Gunawan
et al., 2006; Jaeschke and Bajt, 2006; Bajt et al., 2008) but later is dominated
by mitochondrial swelling and rupture of the outer membrane (Bajt et al.,
2008). In addition, both JNK activation and the MPT further amplify the
mitochondrial oxidant stress (Saito et al., 2010a; Ramachandran et al.,
2011). The central role of this mitochondrial oxidant stress and
peroxynitrite formation for hepatocyte cell death was shown by the
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profound protective effect of interventions that accelerate the recovery of
mitochondrial GSH levels and restore the capacity to scavenge these
reactive metabolites (Knight et al., 2002; James et al., 2003; Bajt et al., 2003;
Jaeschke et al., 2003; Saito et al., 2010b).
Manganese superoxide dismutase (MnSOD, SOD2) is located
predominantly in the mitochondrial matrix and plays an important
role in the detoxiﬁcation of mitochondrial superoxide (Macmillan-Crow
and Cruthirds, 2001; Zelko et al., 2002). As all SODs, SOD2 converts 2
molecules of superoxide into 1 molecule of hydrogen peroxide and 1
molecule of molecular oxygen in a reaction that is only limited by the
diffusion of superoxide to the enzyme (Fridovich, 1995). The vital
importance of this enzyme for cell survival was documented by the fact
that homozygous SOD2-deﬁcient mice die shortly after birth due to
cardiomyopathy and neuropathy caused by mitochondrial damage
(Li et al., 1995; Lebovitz et al., 1996). In contrast, heterozygous SOD2deﬁcient (SOD2+/−) mice are viable (Williams et al., 1998; Van
Remmen et al., 1999) but show increased susceptibility to chemicals
that target mitochondria in the liver including troglitazone (Ong
et al., 2007; Lee et al., 2008), nimesulide (Ong et al., 2006), ethanol
(Larosche et al., 2010), ﬂutamide (Kashimshetty et al., 2009),
trovaﬂoxacin (Hsiao et al., 2010) and APAP (Fujimoto et al., 2009).
In addition, SOD2 gene knock-down experiments in rats demonstrated increased APAP-induced liver injury in these animals
(Yoshikawa et al., 2009). In the mouse study it was demonstrated
that mitochondrial GSH levels at 6 h after APAP were signiﬁcantly
lower in SOD2+/− mice compared to wild type animals and
hepatocytes isolated from SOD2+/− mice had lower ATP levels
after exposure to 10 mM APAP providing indirect evidence for a
mitochondrial stress in SOD2+/− mice (Fujimoto et al., 2009).
Although both APAP studies convincingly documented that lower
SOD2 levels enhanced the susceptibility to APAP hepatotoxicity in
rats and in mice, the detailed mechanistic implications for APAP
hepatotoxicity remained unclear. Therefore, the goal of this investigation was to evaluate the effect of partial SOD2 deﬁciency on the
modulation of mitochondrial oxidant stress and peroxynitrite
formation, JNK activation, mitochondrial Bax translocation and
other mitochondrial events involved in the mechanism of APAPinduced liver injury.
Material and methods
Animals. Male heterozygous MnSOD (SOD2)-deﬁcient (SOD2+/−)
mice, which are on a C57Bl/6 background, along with control C57Bl/6J
mice, were used in this study (Van Remmen et al., 1999, 2003). The
SOD2+/− mice, which were originally obtained from Dr. Ting-Ting
Huang (Stanford University, Stanford, CA), were bred in our facilities at
KUMC. Age-matched wild type C57Bl/6J mice were obtained from
Jackson Laboratories (Bar Harbor, Maine). All animals were housed in
an environmentally controlled room with a 12 h light/dark cycle and
allowed free access to food and water. The experimental protocol was
approved by the Institutional Animal Care and Use Committee of the
University of Kansas Medical Center and followed the criteria of the
National Research Council for the care and use of laboratory animals in
research. All chemicals were purchased from Sigma Chemical Co. (St
Louis, MO, USA) unless stated otherwise.
Experimental design. Mice were injected intra-peritoneally with
200 mg/kg APAP (dissolved in warm saline) after overnight fasting.
The animals were killed after 3 or 6 h after APAP treatment and blood
was withdrawn from the vena cava into a heparinized syringe for
measurement of alanine aminotransferase (ALT) activities (Kinetic Test
Kit 68-B, Biotron Diagnostics, Inc., Hernet, CA, USA). The liver was
removed and was rinsed in saline; liver sections were ﬁxed in 10%
phosphate-buffered formalin for histological analyses. A portion of the
liver was used for mitochondrial isolation and the remaining liver was
snap-frozen in liquid nitrogen and stored at −80 °C.
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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). 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).
Measurement of GSH and GSSG. Total soluble GSH and GSSG were
measured in the liver homogenate and mitochondria with a modiﬁed
method of Tietze as described in detail (Jaeschke and Mitchell, 1990;
Knight et al., 2001). 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.
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 (20,000 ×g) and washed with
2 ml of isolation buffer. The 20,000 ×g supernatant was used to
evaluate the release of mitochondrial factors such as apoptosisinducing factor (AIF) by western blotting. Western blotting was carried
out as described in detail (Bajt et al., 2000) using the following
antibodies: a rabbit anti-AIF antibody (Abcam, Cambridge, MA), a
rabbit anti-Bax polyclonal antibody (Cell Signaling Technology,
Danvers, MA), a rabbit anti-nitrotyrosine antibody (Invitrogen,
Carlsbad, CA), a rabbit anti-phospho-JNK polyclonal antibody (Cell
signaling Technology, Danvers, MA), a rabbit anti-JNK polyclonal
antibody (Cell signaling Technology, Danvers, MA) and a rabbit antiMnSOD polyclonal antibody (Upstate/Millipore, Billerca, MA). Each
lane was loaded with 50 μg protein for all experiments except the
probing of mitochondrial phospho-JNK, where 75 μg/lane was used. 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).
Protein carbonyl assay. Protein carbonyl content in the sample was
measured using dinitrophenyl hydrazine (DNPH) as described (Sohal
et al., 1993). Brieﬂy, samples were treated with 10 mM DNPH in 2 N HCl
and incubated for 1 h at room temperature. After incubation, the mixture
was precipitated with 10% trichloro acetic acid and the precipitate was
washed with a mixture of ethanol:ethylacetate (1:1). The precipitate was
then dissolved in 6 M guanidine HCl and absorbance read at 366 nm.
Statistics. All results were expressed as mean ± SE. Comparisons
between multiple groups were performed with one-way ANOVA followed
by a post hoc Bonferroni test. If the data were not normally distributed, we
used the Kruskal–Wallis Test (nonparametric ANOVA) followed by Dunn's
Multiple Comparisons Test. Pb 0.05 was considered signiﬁcant.
Results
Partial deﬁciency of SOD2 exacerbates acetaminophen-induced liver
injury
To investigate the role of SOD2 in APAP hepatotoxicity, a moderate
overdose of 200 mg/kg was selected. Initial experiments evaluated
levels of SOD2 (MnSOD) in livers of mice before and after APAP
administration. MnSOD levels in livers of SOD2+/− mice were
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reduced by approximately 35% when compared to wild type animals
(Fig. 1A); SOD2 levels did not show signiﬁcant alterations after APAP
administration either in wild type or in SOD2+/− animals. Liver
injury due to APAP administration was then examined at 6 h (Figs. 1B,
C). APAP treatment resulted in signiﬁcant liver injury as indicated by
the increase in plasma ALT activities (Fig. 1B) and the development of
centrilobular necrosis (Fig. 1C) in wild type animals. However, liver
injury in SOD2+/− mice treated with APAP was signiﬁcantly
exacerbated (Figs. 1B,C). It has been demonstrated earlier that nuclear
DNA fragmentation as visualized by the TUNEL assay is a consequence
of mitochondrial dysfunction (Cover et al., 2005). Consistent with this,
a substantial number of TUNEL-positive cells were observed in
centrilobular regions of APAP-treated wild type mice, which correlated well with the areas of necrosis (Fig. 1D). However, nuclear DNA
fragmentation was further elevated in SOD2+/− mice when
compared to wild type animals after APAP treatment (Fig. 1D).
Partial deﬁciency of SOD2 aggravates acetaminophen-induced oxidative
stress
Previous studies have documented that the increase in the hepatic
GSSG-to-GSH ratio is caused almost exclusively by enhanced
mitochondrial GSSG levels reﬂective of a mitochondrial oxidant stress
(Jaeschke, 1990; Knight et al., 2001; Jaeschke et al., 2003). Consistent
with previous experiments (Ramachandran et al., 2011), hepatic
glutathione levels were completely recovered in wild type animals 6 h
after 200 mg/kg APAP (Fig. 2A). However, SOD2+/− mice recovered
only to 42% of baseline despite the initially higher GSH levels in

control animals (Fig. 2A). Although both wild type and SOD2+/−
mice showed moderately elevated GSSG levels, the GSSG-to-GSH ratio
was substantially higher in SOD2+/− mice compared to wild type
animals 6 h after APAP (Figs. 2B,C).
In order to assess more speciﬁcally events in mitochondria,
glutathione levels were measured before and after APAP treatment.
Similar to the GSH levels in the overall tissue, mitochondrial GSH
levels decline more than 90% within the ﬁrst hour and gradually
recover thereafter (Saito et al., 2010b). In wild type animals,
mitochondrial GSH levels recovered to 54% of baseline compared to
only 33% in SOD2+/− mice (Fig. 3A) suggesting a higher oxidant
stress in the SOD2+/− animals. The mitochondrial protein carbonyl
content as an indicator of oxidant damage to mitochondrial proteins
was signiﬁcantly higher in SOD2+/− mice compared to wild type
animals, particularly after APAP treatment (Fig. 3B). Consistent with
the higher oxidant stress in SOD2-deﬁcient mitochondria, the
increase in protein carbonyls due to APAP treatment was twice as
high as the increase in wild type animals (Fig. 3B). Similarly, a
signiﬁcant increase in mitochondrial nitrotyrosine protein adducts
was observed in SOD2+/− mice compared to wild type animals
(Fig. 3C).
Mitochondria-related cellular signaling events during acetaminophen
hepatotoxicity
A number of cellular signaling events are now known to be initiated
by mitochondrial oxidative stress after APAP administration. Previous
studies provided evidence that the mitochondrial dysfunction after

Fig. 1. Acetaminophen (APAP)-induced liver injury in heterozygous SOD2-deﬁcient mice. Manganese superoxide dismutase protein levels (A) as well as plasma alanine
aminotransferase (ALT) activities (B), liver histology (C) and DNA fragmentation by TUNEL assay (D) as an indicator for APAP-induced hepatotoxicity were measured in C57Bl/6J
wild type (WT) and SOD2-deﬁcient (SOD+/−) mice 6 h after 200 mg/kg APAP administration. Data represent means ± SE of n = 5 animals per group. *P b 0.05 (compared to
untreated controls), #P b 0.05 (compared to APAP treated wild type mice).
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Fig. 2. Acetaminophen (APAP)-induced oxidant stress in wild type (WT) and in SOD2deﬁcient (SOD+/−) mice. Liver content of total glutathione (GSH + GSSG) (A),
glutathione disulﬁde (GSSG) (B) and the GSSG-to-GSH ratio (C) were measured in
untreated controls or animals treated with 200 mg/kg APAP for 6 h. Data represent
means ± SE of n = 5 animals per group. *P b 0.05 (compared to untreated controls),
#
P b 0.05 (compared to APAP treated wild type mice).

APAP overdose triggers AIF and endonuclease G release from the
mitochondrial intermembrane space and translocation to the nucleus
where these proteins are involved in nuclear DNA fragmentation (Cover
et al., 2005; Bajt et al., 2006). In wild type animals, AIF was released from
the mitochondria during APAP toxicity as indicated by the elevated
levels of the protein in the cytosol (Fig. 4A). Despite the already higher
baseline AIF levels in the cytosol of control SOD2+/− mice, the increase
of AIF release induced by APAP in SOD2+/− mice was even higher than
in wild type animals (Fig. 4A). Since the initial release of intermembrane
proteins after APAP overdose is facilitated by mitochondrial translocation of Bax (Bajt et al., 2008), the levels of Bax proteins in the
mitochondria were evaluated. As previously reported (Adams et al.,
2001; El-Hassan et al., 2003; Jaeschke and Bajt, 2006; Bajt et al., 2008),
APAP overdose triggers mitochondrial Bax translocation (Fig. 4B).
Baseline Bax levels in SOD2+/− mice were similar to wild type animals
but the relative increase was only slightly higher in SOD2+/− animals
(Fig. 4B) suggesting that AIF release requires more than just Bax pore
formation.
Previous studies demonstrated that the mitochondrial oxidant stress
after APAP overdose triggers JNK activation and translocation of P-JNK to
the mitochondria (Hanawa et al., 2008; Saito et al., 2010a). In both

Fig. 3. Acetaminophen (APAP)-induced mitochondrial oxidant stress in wild type and
SOD2 deﬁcient (SOD+/−) mice. Mitochondrial concentrations of total glutathione
(GSH + GSSG) (A), protein carbonyl content (B) and densitometric quantitation (all
bands included) of western blotting for nitrotyrosine protein adducts (C) in wild type
or SOD2+/− mice treated with 200 mg/kg APAP for 6 h. Data represent means ± SE of
n = 3 animals per group. *P b 0.05 (compared to untreated controls), #P b 0.05
(compared to APAP treated wild type mice).

untreated wild type and SOD2+/− mice there was minimal JNK
detectable in mitochondria (Fig. 5A). APAP overdose caused JNK
translocation to the mitochondria in wild type and SOD2+/− animals
(Fig. 5A), with the increase in SOD2+/− animals being higher when
compared to the wild type mice (based on quantitation of both bands).
As expected from the JNK data, western blotting for the active
phosphorylated form of JNK indicated that in both untreated wild
type and SOD2+/− mice there was no P-JNK detectable in mitochondria (Fig. 5B). APAP overdose caused P-JNK translocation to the
mitochondria in wild type and SOD2+/− animals (Fig. 5B). However,
the levels of P-JNK were more than 4-times higher in SOD2+/− animals
compared to wild type mice at 6 h (Fig. 5B).
To evaluate the temporal relationship between the APAP-induced
signaling events in the cytosol and mitochondria, experiments were
repeated at an earlier time point, namely 3 h after APAP treatment. At
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Fig. 4. Western blot analysis and densitometric quantitation of apoptosis-inducing
factor (AIF) in the cytosolic fraction (A) and of Bax in the mitochondrial fraction
(B) from untreated controls and 6 h after 200 mg/kg APAP in wild type (WT) and SOD2deﬁcient (SOD+/−) mice. Data represent means ± SE of n = 3 animals per group.
*P b 0.05 (compared to untreated controls), #P b 0.05 (compared to APAP treated wild
type mice).

this time, plasma ALT levels were similar in wild type (2190 ± 320 U/L;
n = 8) and in SOD2+/− animals (2430 ± 575 U/L; n = 6). In addition,
glutathione levels were similarly low in both wild type (0.24 ±
0.09 μmol/g liver) and SOD2+/− mice (0.32 ± 0.16 μmol/g liver).
Elevated levels of AIF in the cytosol were evident in both wild type as
well as SOD2+/− animals at 3 h, though there was no signiﬁcant
difference between the genotypes (Fig. 6A). By 6 h, AIF levels in the
wild type animals showed a further minor increase, which was
signiﬁcantly ampliﬁed in the SOD2+/− animals (Figs. 4A, 6A).
Mitochondrial levels of Bax, on the other hand were highly elevated
by 3 h in both groups of animals and decreased by 6 h, though at the
later time point, the SOD2+/− animals had slightly higher levels of
protein than wild type mice (Fig. 6B).
Mitochondrial levels of total JNK as well as the phosphorylated
protein were signiﬁcantly elevated at 3 hours after APAP but no
signiﬁcant differences were evident between wild type and SOD2+/−
animals. By 6 hours, the levels of both JNK and P-JNK were lower than
that at 3 hours in both groups, with the wild type animals showing a
much steeper decrease than the SOD2+/− mice. Thus, at the later time
point the SOD2+/− mice had signiﬁcantly higher levels of protein
when compared to wild type animals (Figs. 5B, 6B). To determine if
differences in JNK levels between wild type and SOD2+/− mice were
restricted to the mitochondria, cytosolic levels of JNK were also
evaluated. At 3 h after APAP, total JNK levels were slightly elevated in
the cytosol and there was a more pronounced increase in the
mitochondria (Fig. 6). JNK levels decreased by 6 h. However, at both
time points, no signiﬁcant difference in cytosolic JNK was evident
between wild type and SOD2+/− animals.

Fig. 5. Western blot analysis and densitometric quantitation of c-Jun-N-terminal Kinase
(JNK) (A) and the activated form phospho-JNK (P-JNK) (B) in the mitochondrial
fraction from untreated controls and 6 h after 200 mg/kg APAP in wild type (WT) and
SOD2-deﬁcient (SOD+/−) mice. Data represent means ± SE of n = 3 animals per
group. *P b 0.05 (compared to untreated controls), #P b 0.05 (compared to APAP treated
wild type mice).

Fig. 6. Western blot analysis of apoptosis-inducing factor (AIF) and c-Jun-N-terminal
Kinase (JNK) in the cytosolic fraction and of Bax, JNK and the activated form phospho-JNK
(P-JNK) in the mitochondrial fraction from untreated controls and 3 and 6 h after 200 mg/
kg APAP in wild type (WT) and SOD2-deﬁcient (SOD+/−) mice. Beta actin was used as a
loading control for cytosolic proteins.
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impaired defense mechanisms against reactive oxygen and nitrogen
species.

SOD2 and mitochondrial oxidant stress in APAP hepatotoxicity
The objective of this investigation was to evaluate the mechanistic
implications of partial SOD2-deﬁciency for APAP hepatotoxicity.
Similar to a recent report (Fujimoto et al., 2009), our data clearly
showed a substantial aggravation of APAP-induced liver injury in mice
with reduced SOD2 activity compared to wild type animals. In
addition to the reduced levels of liver and mitochondrial GSH levels in
SOD2+/− mice reported previously (Fujimoto et al., 2009), our data
show that the higher injury in these animals was correlated with
increased oxidation of the hepatic GSH content, which mainly reﬂects
a mitochondrial oxidant stress (Jaeschke, 1990; Knight et al., 2001;
Jaeschke et al., 2003). Consistent with this conclusion, a delayed
recovery of mitochondrial GSH levels and an increased formation of
protein carbonyls in mitochondria were observed in SOD2+/− mice.
Furthermore, higher levels of nitrated proteins were detected. These
ﬁndings are in agreement with previous evidence of a predominantly
mitochondrial formation of peroxynitrite (Cover et al., 2005).
Together these results demonstrate the critical importance of SOD2
in protecting against a mitochondrial oxidant stress after APAP
overdose. Even a partial deﬁciency of this mitochondrial enzyme
drastically enhanced the susceptibility to APAP-induced mitochondrial oxidant stress and peroxynitrite formation. Interestingly, SOD2
also appears to be a target of nitration in the mitochondria leading to a
further reduction of the enzyme activity after APAP overdose (Hinson
et al., 2010).

SOD2 and nuclear DNA fragmentation in APAP hepatotoxicity
DNA fragmentation is a hallmark of APAP hepatotoxicity (Ray
et al., 1990; Lawson et al., 1999; Gujral et al., 2002). The frequently
reported DNA ladder formation suggests that the DNA fragmentation
is an endonuclease-mediated process (Ray et al., 1990; Shen et al.,
1992; Cover et al., 2005). The absence of caspase activity during APAP
hepatotoxicity (Lawson et al., 1999; El-Hassan et al., 2003; Jaeschke et
al., 2006) excludes the involvement of the caspase-activated DNase,
which is the classical endonuclease responsible for apoptotic DNA
fragmentation (Nagata et al., 2003). In contrast, our recent observations showed translocation of AIF and endonuclease G from the
mitochondria to the nucleus as being critical for DNA damage (Bajt
et al., 2006). In addition, lysosomal DNase1 may also be involved at
later time points (Napirei et al., 2006). The mitochondrial release of
AIF and endonuclease G is facilitated by the initial formation of Bax
pores and later by mitochondrial matrix swelling and rupture of the
outer membrane (Bajt et al., 2008). The fact that the increased DNA
fragmentation in SOD2+/− compared to wild type mice as indicated
by the TUNEL assay correlates with the appearance of higher levels of
AIF in the cytosol suggests that the enhanced mitochondrial release of
AIF was at least in part responsible for the increased DNA damage.
Interestingly, mitochondrial Bax translocation was only modestly
affected indicating the main cause of the increased AIF release was not
enhanced Bax pore formation. However, even in the absence of Bax,
the mitochondrial oxidant stress and peroxynitrite formation was
able to trigger the MPT with matrix swelling, which induced the
accelerated release of AIF and endonuclease G and consequently
nuclear DNA fragmentation (Bajt et al., 2008). Consistent with this
conclusion, preventing the MPT pore formation by scavenging
reactive oxygen and peroxynitrite (Knight et al., 2002; Bajt et al.,
2003) or by eliminating cyclophilin D, a critical regulator of the MPT
pore, drastically reduced DNA damage (Ramachandran et al., 2011).
Based on these ﬁndings, we conclude that the accelerated DNA
damage observed in SOD2+/− mice is most likely caused by the
enhanced MPT pore formation due to the enhanced oxidant stress and

SOD2 and JNK activation in APAP hepatotoxicity
Activation of JNK is a critical event in APAP-induced liver injury
(Gunawan et al., 2006; Henderson et al., 2007; Latchoumycandane
et al., 2007; Saito et al., 2010a). JNK activation can be induced by the
initial mitochondrial oxidant stress (Hanawa et al., 2008; Saito et al.,
2010a). The most relevant effect of activated JNK is the translocation
of P-JNK to mitochondria (Hanawa et al., 2008) where it is involved in
amplifying ROS formation (Saito et al., 2010a). Our ﬁndings conﬁrm
the mitochondrial translocation of P-JNK in wild type animals.
However, there was no difference in overall JNK levels in the cytosol
between genotypes and the initial mitochondrial translocation of JNK
and P-JNK was very similar. The substantial difference between wild
type and SOD2+/− mice at 6 h was caused by the delayed loss of PJNK and of JNK in SOD2+/− animals indicating a more prolonged JNK
activation in these animals. This may have been caused by the
impaired defense against the mitochondrial oxidant stress. The
resulting prolonged presence of P-JNK in the mitochondria in turn
may be responsible for the higher oxidant stress observed in these
mice.
Modulations of signaling pathways in SOD2+/− mice — cause or effect?
A critical question is whether some of the observed effects are
caused by SOD2 deﬁciency, are secondary effects or are even
unrelated to SOD2. For example, the injury could have been
modulated by differences in the expression of enzymes involved in
drug metabolism. Although we did not speciﬁcally address this issue,
the early depletion of GSH at 1 h after APAP administration was
similar in wild type and SOD2+/− mice (Fujimoto et al., 2009)
suggesting that NAPQI formation was not signiﬁcantly different
between genotypes. Moreover, the fact that the early injury (3 h)
was the same in wild type and SOD2+/− mice indicates that
aggravation of liver injury in SOD2+/− mice occurred during the
progression phase, which is mainly driven by oxidant stress and
peroxynitrite formation in mitochondria (Jaeschke and Bajt, 2006).
Consistent with this conclusion is the observation that the major
differences in signaling events between the genotypes were predominantly postmitochondrial, i.e. activation of JNK, which is dependent
on the mitochondrial oxidant stress (Hanawa et al., 2008; Saito et al.,
2010a), and AIF release, which is initially dependent on Bax
translocation and later on the MPT (Bajt et al., 2008). Together
these ﬁndings support the conclusion that the aggravation of APAPinduced liver injury and the effects on intracellular signaling events in
SOD2+/− mice is caused by the limited defense mechanisms against
mitochondrial oxidant stress.
In summary, our experiments demonstrated that SOD2+/− mice
are much more susceptible to APAP-induced liver injury compared to
wild type animals, which correlated with enhancement of all
parameters of the mitochondrial oxidant stress, more AIF release
and more extensive DNA fragmentation and a more prolonged JNK
activation. Thus, the impaired defense against mitochondrial superoxide formation in SOD2+/− mice prolonged JNK activation after
APAP overdose and consequently further enhanced the mitochondrial
oxidant stress leading to exaggerated mitochondrial dysfunction,
accelerated release of intermembrane proteins with nuclear DNA
fragmentation and more cellular necrosis.
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