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ABSTRACT
In overdose acetaminophen (APAP) is hepatotoxic. Toxicity
occurs by metabolism to N-acetyl-p-benzoquinone imine,
which depletes GSH and covalently binds to proteins followed
by protein nitration. Nitration can occur via the strong oxidant
and nitrating agent peroxynitrite, formed from superoxide and
nitric oxide (NO). In hepatocyte suspensions we reported that
an inhibitor of neuronal nitric-oxide synthase (nNOS; NOS1),
which has been reported to be in mitochondria, inhibited tox-
icity and protein nitration. We recently showed that manganese
superoxide dismutase (MnSOD; SOD2) was nitrated and inac-
tivated in APAP-treated mice. To understand the role of nNOS
in APAP toxicity and MnSOD nitration, nNOS knockout (KO)
and wild-type (WT) mice were administered APAP (300 mg/kg).
In WT mice serum alanine aminotransferase (ALT) significantly
increased at 6 and 8 h, and serum aspartate aminotransferase

(AST) significantly increased at 4, 6 and 8 h; however, in KO
mice neither ALT nor AST significantly increased until 8 h. There
were no significant differences in hepatic GSH depletion, APAP
protein binding, hydroxynonenal covalent binding, or histo-
pathological assessment of toxicity. The activity of hepatic
MnSOD was significantly lower at 1 to 2 h in WT mice and
subsequently increased at 8 h. MnSOD activity was not altered
at 0 to 6 h in KO mice but was significantly decreased at 8 h.
There were significant increases in MnSOD nitration at 1 to 8 h
in WT mice and 6 to 8 h in KO mice. Significantly more nitration
occurred at 1 to 6 h in WT than in KO mice. MnSOD was the
only observed nitrated protein after APAP treatment. These
data indicate a role for nNOS with inactivation of MnSOD and
ALT release during APAP toxicity.

Introduction
Acetaminophen (APAP; N-acetyl-p-aminophenol), a com-

monly used analgesic/antipyretic drug, is believed to be safe
at therapeutic doses. However, in overdose it produces a
centrilobular hepatic necrosis. APAP-induced toxicity oc-
curs by initial hepatic metabolism of APAP by cytochrome
P450 to the reactive metabolite N-acetyl-p-benzoquinone
imine (NAPQI) (Dahlin et al., 1984). After a therapeutic

dose NAPQI is efficiently detoxified by GSH, but when taken
in overdose NAPQI reacts with GSH, leading to its depletion
(Mitchell et al., 1973), and the metabolite covalently binds to
hepatic cellular proteins to form 3-(cystein-S-yl)-acetamino-
phen (APAP-Cys) adducts (Hoffmann et al., 1985). These
events are followed by oxidative stress, and toxicity has been
postulated to be by oxidative stress. Previous studies have
implicated the role of peroxynitrite, a reactive nitrogen spe-
cies formed from nitric oxide and superoxide, in the develop-
ment of oxidative stress. Peroxynitrite is both a nitrating and
an oxidizing agent. Immunohistochemical analysis of livers
from APAP-treated mice indicated that nitrated proteins
were colocalized with APAP-protein adducts in the hepato-
cytes of the centrilobular regions undergoing necrosis (Hin-
son et al., 1998). Because iNOS is known to be in hepatocytes
and Kupffer cells (Stolz et al., 2002) it was initially postu-
lated to be the source of NO leading to peroxynitrite. How-
ever, APAP was found to be equally hepatotoxic in iNOS
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knockout (KO) mice and wild-type (WT) mice in two different
laboratories (Michael et al., 2001; Bourdi et al., 2007). More-
over, a pharmacological inhibitor of iNOS, aminoguanidine,
did not decrease APAP hepatotoxicity in mice (Hinson et al.,
2002). These data suggested that iNOS was not important in
the development of toxicity in the wild-type mice.

To further understand the mechanism of APAP toxicity
and the source of NO, we examined mechanisms of APAP
toxicity in a hepatocyte suspension assay. In freshly isolated
mouse hepatocytes APAP toxicity occurs in two phases.
There is an initial metabolism phase (0–2 h), which is char-
acterized by GSH depletion and covalent binding to proteins,
but little toxicity. Subsequent washing of the hepatocytes to
remove APAP and incubation with media alone results in
toxicity in the reincubation phase (3–5 h) (Boobis et al., 1986;
Grewal and Racz, 1993). We found that APAP toxicity oc-
curred with mitochondrial permeability transition (MPT)
(Reid et al., 2005). Likewise APAP toxicity was reported by
others to occur with MPT in cultured hepatocytes (Kon et al.,
2004). MPT is an abrupt increase in the permeability of the
inner mitochondrial membrane to ions and small molecular
weight solutes. It is promoted by oxidative stress and calcium
and leads to a large increase in oxidative stress. MPT occurs
with the loss of the ability of the mitochondria to produce
ATP, a lethal event for the cell (Byrne et al., 1999; Zorov et
al., 2000). In the hepatocyte suspension assay we showed
that the MPT inhibitor cyclosporine A and the antioxidant
N-acetylcysteine added in the reincubation phase blocked
toxicity, loss of mitochondrial membrane potential, the large
increase in oxidative stress (2�,7�-dichlorofluorescin oxida-
tion), and MPT (Reid et al., 2005).

Subsequently, we examined the role of peroxynitrite in the
increased oxidative stress in APAP toxicity in the hepatocyte
suspension assay. It was shown that APAP toxicity was as-
sociated with the increased nitration of proteins. Toxicity,
protein nitration, loss of mitochondrial membrane potential,
and dichlorodihydrofluorescein oxidation were blocked by ad-
dition in the reincubation phase of the MPT inhibitor cyclo-
sporine A, the antioxidant N-acetylcysteine, and the nNOS
inhibitor 7-nitroindazole but not by iNOS inhibitors (Burke
et al., 2010). nNOS has been reported previously to be in
mitochondria as mitochondrial NOS (Brookes, 2004; Ghafou-
rifar and Cadenas, 2005). It was postulated that in the liver
APAP-induced MPT is mediated by the activation of nNOS
with increased NO formation, which reacts with superoxide
to form peroxynitrite followed by nitration of proteins.

In our recent work we have investigated the role of mito-
chondrial manganese superoxide dismutase (MnSOD; SOD2)
in APAP toxicity (Agarwal et al., 2011). It was shown that
hepatic MnSOD activity was inhibited, and the protein was
nitrated early in the course of APAP toxicity. Inhibition of
activity correlated with the relative amount of nitration of
MnSOD (Agarwal et al., 2011). This protein was previously
shown to be nitrated and inactivated during renal transplant
injury (MacMillan-Crow et al., 1996; MacMillan-Crow and
Cruthirds, 2001).

In the present work we investigated APAP-induced hepa-
totoxicity in nNOS KO and WT mice. It was postulated that
if nNOS present in hepatic mitochondria was mechanisti-
cally important in nitration, leading to toxicity, then nNOS
KO mice would not develop the hepatic toxicity.

Materials and Methods
Reagents. APAP and xanthine oxidase were obtained from Sigma

(St. Louis, MO). Coomassie Plus Protein Assay Reagent and Super-
Signal chemiluminescent substrate reagent were obtained from
Thermo Fisher Scientific (Waltham, MA). Protease inhibitor cocktail
was obtained from Roche Diagnostics (Mannheim, Germany). Hy-
bond-ECL nitrocellulose membranes for Western blotting were ob-
tained from GE Healthcare (Chalfont St. Giles, Buckinghamshire,
UK). Anti-3-nitrotyrosine and anti-glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) antibodies were obtained from Millipore Bio-
science Research Reagents (Temecula, CA). 4-Hydroxynonenal (4-
HNE) antibody was obtained from Novus Biologicals, Inc. (Littleton,
CO), and actin antibody was obtained from Abcam, Inc. (Cambridge,
MA). Peroxidase-labeled goat anti-rabbit IgG, goat anti-mouse IgG,
and rabbit anti-goat IgG antibodies were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA) and Thermo Fisher Scientific.
All chemicals were the highest grade commercially available.

Animals. Eight-week-old male B6129SF2/J mice (WT) and
B6129S4Nos1tm1Plh/J mice (nNOS KO), all having mean weight of 24.4 g,
were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were
fed ad libitum and housed in individual cages in a room at a constant
temperature (22°C) with a 12-h light/dark cycle. All animal experimenta-
tion and protocols were approved by the institutional animal care and use
committee and conducted in accordance with the Guide for the Care and
Use of Laboratory Animals (Institute of Laboratory Animal Resources,
1996) as adopted by the National Institute of Health. Mice were acclima-
tized for 1 week before the planned experiments. On the day before exper-
iments, mice were fasted overnight. Control mice received saline only, and
treated mice received APAP in 0.4 ml of saline (intraperitoneally). Mice
were administered APAP (300 mg/kg) (n � 4 per time point). At the
designated time, mice were anesthetized in a carbon dioxide chamber;
blood was withdrawn by cardiac puncture, and animals were subsequently
euthanized under carbon dioxide followed by cervical dislocation. Livers
were removed and weighed. Approximately 200 mg of liver was preserved
in GSH homogenization buffer, a sample was preserved in buffered forma-
lin, and the remaining tissue was snap-frozen in liquid nitrogen and stored
at �80°C for later analysis.

Serum Assays for Liver Toxicity. Toxicity was determined by
the quantitation of serum alanine aminotransferase (ALT) and se-
rum aspartate aminotransferase (AST) in the blood, which occurred
as a result of liver damage. Collected blood was allowed to coagulate
at room temperature for at least 1 h, after centrifugation for 20 min
at 3000g in a microcentrifuge. The serum was collected and kept on
ice until it was used to determine ALT and AST measurements with
a colorimetric endpoint method using diagnostic reagent kits (Pointe
Scientific Inc., Lincoln Park, MI) according to the manufacturer’s
protocol by using a Roche Cobas Mira Classic Chemistry Analyzer
(Roche Diagnostics).

Isolation of Liver Mitochondria and Cytoplasm. Liver mito-
chondrial and cytosolic fractions were isolated by differential centrif-
ugation after removal of the nuclear fraction. In brief, livers were
excised and homogenized in an isotonic buffer (10 mM HEPES, pH
7.8, 0.25 M sucrose, 1 mM EGTA, and 25 mM KCl) containing a
protease inhibitor cocktail (Sigma) and 1 mM p-amidinophenyl
methanesulfonyl fluoride by using a Dounce homogenizer. Homoge-
nate was centrifugation at 1000g for 10 min, and the pellet repre-
senting nuclear fraction was removed. The resulting supernatant
was centrifuged at 10,000g for 20 min to separate the mitochondrial
(pellet) and cytosolic fractions (supernatant).

Hepatic Assays. MnSOD activity in liver homogenates was mea-
sured by a cytochrome c reduction method using 1 mM potassium
cyanide to inactivate copper-zinc SOD (SOD1) and extracellular SOD
(SOD3) as described previously (McCord and Fridovich, 1969). GSH
content in total liver homogenate, mitochondria, and a cytosolic
fraction was determined by using a modification of the Elman pro-
cedure as described previously (Mitchell et al., 1973a).
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Histology. Livers samples were fixed in 10% neutral buffered
formalin, processed, embedded into paraffin, sectioned at 5 �m, and
stained with hematoxylin and eosin. Slides were examined by using
an Olympus (Tokyo, Japan) BX40 microscope under bright-field il-
lumination. Hemorrhage, hepatocellular vacuolization, and hepato-
cellular necrosis were scored from 0 (no lesion) to 4 (severe change),
and lobular localization was noted for all lesions.

APAP-Cysteine Protein Adducts. APAP-Cys adducts formed
by covalent binding of NAPQI with liver proteins were measured by
initial protease treatment of liver homogenates followed by a high-
performance liquid chromatography-electrochemical detection
method as described previously (Muldrew et al., 2002).

Western Blot Analysis. Liver homogenate preparation and
Western blot analysis were performed as described previously (Agar-
wal et al., 2011). In brief, after separation using SDS-polyacrylamide
gel electrophoresis under reducing conditions, proteins were trans-
ferred to nitrocellulose membranes. Membranes were blocked 30 min
for 4-HNE and overnight for nitrotyrosine (NT) in blocking buffer
(5% milk in Tris-buffered saline and 0.1% Tween 20). The blocked
immunoblots were incubated for 120 min with anti-4-HNE (1:1000)
or anti-3-NT (1:500). Membranes for 3-NT were next incubated with
peroxidase-labeled goat anti-mouse IgG, and for 4-HNE they were
incubated with peroxidase-labeled rabbit anti-goat IgG for 60 min.
Membranes were developed by using SuperSignal chemiluminescent
substrate reagent, and the relative amount of protein in the blots
was determined by densitometry analysis using a Fluorchem 8900
imaging densitometer (Alpha Innotech, San Leandro, CA). Subse-
quently, all blots were stripped, blocked for 30 min, and reprobed
with anti-GAPDH (1:1000) or anti-actin (1:1000) for 120 min. Next,
membranes for GAPDH were incubated with peroxidase-labeled goat
anti-mouse IgG; for actin they were incubated with peroxidase-la-
beled goat anti-rabbit IgG for 60 min and visualized, and densito-
metric analysis was performed.

Statistical Analysis. All animal experiments used four animals
per treatment group. Toxicology results (increase in serum ALT
levels as well as GSH assay) were confirmed by two different time-
course experiments. Confirmation of analytical results was obtained
by repeated analyses (two or three times). For statistical analyses
Western blots of liver homogenates from each liver (100 �g) were
performed, and the density of the blots was determined as described

above. Data are reported as mean � S.E and were analyzed by using
one-way analysis of variance followed by the Tukey Honestly Signif-
icant Difference post hoc test. PASW Statistics Student version 18
(SPSS Inc., Chicago, IL) was used for statistical analyses. Results
were considered statistically significant at p � 0.05.

Results
Effect of a Toxic Dose of APAP on Biomarkers of

Toxicity in WT and nNOS KO Mice. To understand the
potential role of nNOS in APAP toxicity, WT and nNOS KO
mice were administered a toxic dose of APAP (300 mg/kg i.p.).
Control mice were treated with saline. In a preliminary ex-
periment it was determined that the APAP-induced in-
creases in serum ALT levels were significantly delayed in KO
mice. At 6 h serum ALT levels in the WT mice were 7854 �
2751 IU/liter, whereas in the KO mice serum ALT was sig-
nificantly less at 2431 � 609 IU/liter. However, by 8 h serum
ALT levels were not different (4811 � 572 IU/liter in WT
mice and 4850 � 362 IU/liter in KO mice). This experiment
was repeated with more extensive analyses. Mice were again
administered 300 mg/kg APAP and sacrificed at 0.5, 1, 2, 4, 6,
and 8 h after APAP administration. The development of
hepatotoxicity was observed by the determination of serum
ALT and AST levels and histopathological evaluation. The
time course for development of APAP-induced increases in
serum levels of ALT is shown in Fig. 1A. Consistent with
previous observations in WT mice, ALT levels were signifi-
cantly increased at 6 and 8 h. In KO mice, ALT levels were not
significantly increased until 8 h. By comparison in the KO mice,
serum ALT levels paralleled those observed in the WT mice but
seemed to be delayed. The serum ALT levels at 6 h in the KO
mice were significantly less than those observed in the WT
mice. Because an elevated serum AST level occurs with liver
toxicity, AST levels were also determined in WT and KO mice
(Fig. 1B). In WT mice, AST levels were significantly in-
creased at 4, 6, and 8 h. In KO mice, AST levels showed a
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Fig. 1. Time course for the effect of
APAP on serum ALT, serum AST, he-
patic GSH, and formation of APAP-
cysteine adducts in WT and KO mice.
Mice (n � 4) were treated with a 300
mg/kg dose of APAP and sacrificed at
the indicated times, and serum and
liver were collected. The 0 time is the
saline-treated control mice in both WT
and KO. A, ALT levels in serum (hep-
atotoxicity). B, AST levels in serum
(hepatotoxicity). C, GSH levels in
liver. D, APAP-cysteine adducts in
liver. The data are presented as
mean � S.E. � and � indicate signifi-
cant difference of WT and KO from
their respective saline controls, and Œ
indicates a significant difference be-
tween WT and KO at a particular time
point, p � 0.05. Only two animals
were used for study at 0.5 h in the KO
group.
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time-dependent increase but were only significantly in-
creased at 8 h. AST levels in WT mice were significantly
higher than that in KO mice at 4 and 8 h.

Hepatic GSH levels were determined to ascertain whether
there were differences in its depletion in the APAP-treated
WT and KO mice. In both WT and KO mice GSH levels were
maximally depleted by 0.5 h and remained maximally de-
pleted at 1, 2, and 4 h. At 8 h, GSH levels had recovered to
levels comparable with that of saline-treated animals in the
liver of both APAP-treated WT and KO mice. No significant
differences in hepatic GSH levels were observed between WT
and KO mice (Fig. 1C). Covalent binding of the reactive
metabolite NAPQI to protein as 3-cystein-S-yl-acetamino-
phen or APAP-Cys is known to be a biomarker of toxicity that
correlates with development of toxicity. Therefore, liver ho-
mogenates from WT and KO mice were analyzed for APAP-
Cys by high-performance liquid chromatography-electro-
chemical detection. Adducts were detected at all time points
after the administration of APAP (Fig. 1D). Comparison of
the relative amount of APAP covalent binding between WT
and KO mice showed a parallel time-dependent increase in
APAP-Cys formation with no significant difference between
the two groups. These data indicate that APAP covalently
bound to protein at equal rates and amounts in both WT and
KO mice. To determine whether delay in toxicity may be a
result of a difference in mitochondrial GSH depletion another
time-course experiment was performed. WT and KO mice
were administered a toxic dose of APAP (300 mg/kg i.p.) and
euthanized after 2 and 4 h. Control mice were treated with
saline. Mitochondrial as well as cytosolic GSH levels were
significantly depleted by 2 h and remained significantly de-
pleted at 4 h in both WT and KO mice. GSH depletion was not
significantly different for both mitochondrial and cytosolic
fractions. Mitochondrial hepatic GSH levels were depleted by
70 � 17% in KO mice at both 2 and 4 h and by 77 � 13% in
WT mice at both 2 and 4 h.

Comparison of a Toxic Dose of APAP to WT and
nNOS KO Mice on Liver Pathology. Necrosis was most
obvious in centrilobular regions at 4, 6, and 8 h after APAP
treatment, and statistically significant differences be-
tween WT and KO mice were not apparent at any time
point (Fig. 2B). Necrosis was significantly elevated in WT
animals compared with controls at 6 and 8 h. Hepatocellular
vacuolization was first evident in three of four KO animals
and one of four WT animals at 0.5 h in centrilobular hepato-
cytes (Fig. 2C). By 4 h vacuolization was more prominent in
midzonal hepatocytes in both groups. Hemorrhage was first
noted in the midzonal region at 2 h in both WT and KO
animals and became more severe and moved to the centri-
lobular location at later time points (Fig. 2D). Hemorrhage
scores were similar between KO and WT animals at all time
points and were elevated for both groups compared with
controls at 4 and 6 h. The hemorrhage score remained ele-
vated at 8 h for WT animals compared with controls, but was
decreased in KO animals at that time, although the decrease
did not reach statistical relevance.

Total additive pathology score for vacuolization, hemorrhage,
and necrosis was significantly increased over 0 h at 4, 6, and 8 h
for both KO and WT mice (Fig. 2E). Although scores tended to
be higher for WT mice at these time points, low sample size
precluded statistical relevance. A subsequent experiment was
performed to determine toxicity at 24 h. In this experiment all

of the KO mice died (four) and half of the WT mice (two of four)
died. Thus, even though the toxicity was delayed it did not
change the lethality of APAP at this dose.

Effect of a Toxic Dose of APAP on the Activity and
Nitration of Hepatic MnSOD in WT and nNOS KO
Mice. To understand the role of nNOS and nitration of Mn-
SOD in APAP toxicity, MnSOD activity and relative amounts
were determined in liver homogenates from KO and WT mice
(Fig. 3). We reported previously that nitration of MnSOD re-
sults in a decrease in its activity (Agarwal et al., 2011). In the
liver homogenates of the WT mice MnSOD activity was signif-
icantly decreased at 1 to 2 h with a nadir at 2 h and subse-
quently increased to control level at 6 h and significantly in-
creased by 8 h (Fig. 3A). In the liver homogenates of the KO
mice MnSOD activity was not significantly different from con-
trol levels from 0 to 6 h; however, at 8 h it significantly de-
creased. The amount of protein in the livers of WT mice did not
change over the time course, but there was an increase in
protein in the livers of the KO mice (Fig. 3, B and C).

We previously presented evidence that decreased activity of
hepatic MnSOD in APAP toxicity occurred with nitration. Thus,
the data in Fig. 3A, showing greater MnSOD inactivation in WT
mice compared with KO mice, suggested that there was signif-
icantly more MnSOD nitration in the liver of the APAP-treated
WT mice than in the KO mice. Therefore, additional analyses
were performed to determine nitration of hepatic MnSOD in the
WT and KO mice (Fig. 4). The combined liver homogenates of
the 0-, 2-, 4-, and 8-h groups of the WT and KO mice were
analyzed for nitration of MnSOD on a single gel. As shown in
Fig. 4A, there seems to be substantially more MnSOD nitra-
tion in the WT liver homogenate at 0, 2, 4, and 8 h compared
with the liver homogenate from the KO mice. To confirm this
finding Western blotting analyses were performed where all
samples were analyzed on multiple blots with overlapping
samples on the blots for comparison purposes (Fig. 4B), and
the data were statistically analyzed. MnSOD nitration in the
WT mice was significantly greater than in the KO mice at 1
to 6 h. In the WT mice liver homogenates nitration of MnSOD
was significantly increased by 1 h after APAP administration
and remained significantly higher until 8 h in WT mice.
However, in the KO mice a significant increase in hepatic
MnSOD nitration was not observed until 6 h and remained
significantly high at 8 h.

Effect of a Toxic Dose of APAP on Oxidative Stress in
Liver in WT and nNOS KO Mice. Oxidative stress also
leads to lipid peroxidation, a major mechanism of cellular
damage with some chemicals. 4-HNE is a lipid peroxidation-
derived aldehyde that covalently binds to protein and has
been used as a biomarker of lipid peroxidation (Esterbauer,
1996). To determine the role of lipid peroxidation Western
blot analysis for 4-HNE covalent binding was performed by
using anti-4-HNE. In the hepatic homogenates from the
APAP-treated WT and KO mice two bands of 50 and 39 kDa
were detected in the control lane and APAP-treated samples
in both WT and KO mice (Fig. 5A). Densitometric analysis of
the time course suggested an increase in 4-HNE protein
adducts after APAP treatment in both WT and KO animals
(Fig. 5B); however, no significant increases with time were
observed. Even though there was smearing of bands at 6 and
8 h, densitometric analysis indicated that there was no sig-
nificant difference between WT and KO (Fig. 5B).
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Assay of Liver Homogenates of WT and nNOS KO
Mice for Total Protein Nitration. To examine the possible
effect of nNOS deletion on nitration of proteins other than
MnSOD, additional Western blot analyses were performed on
homogenates of the livers from the APAP-treated WT and
KO mice. As shown in Fig. 6, only one 3-nitrotyrosine protein
adduct with a molecular mass the same as that of MnSOD

(24 kDa) was detected in the livers of APAP-treated WT and
KO mice.

Discussion
The objective of the current study was to examine the role

of nNOS in APAP-induced hepatotoxicity in mice by deter-

Fig. 2. Histopathological analysis for hepatic necrosis in livers from APAP-treated WT and KO mice. Livers from mice (n � 4) were treated with
acetaminophen (300 mg/kg) or saline control. A, hematoxylin and eosin staining. Liver sections were prepared at the indicated times and stained with
hematoxylin and eosin. One representative picture is shown per time point. Magnification, 200�. Bar equals 50 �m. B, necrosis. C, vacuolization. D,
hemorrhage. E, total score. The data are presented as mean � S.E. � and � indicate significant difference of WT and KO from their respective saline
controls at a particular time point, p � 0.05.
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mining toxicity in nNOS KO and WT mice. After APAP
treatment hepatotoxicity was detected in both KO and WT
mice. In the WT mice serum ALT levels were significantly
increased at 6 and 8 h (Fig. 1A) and AST was significantly
increased at 4, 6, and 8 h (Fig. 1B). However, in KO mice
increases in ALT and AST were significantly delayed (Fig. 1).
These differences were not observed in the histopathological
evaluation of toxicity (Fig. 2). Histopathological evaluation is
the gold standard for toxicity; however, it is not as sensitive
a measure of toxicity as the appearance of transaminases in
serum. The finding that increases in serum ALT and AST
levels were delayed suggests that the development of hepatic
toxicity in the KO mice was delayed compared with the WT
mice. Even though the hepatic toxicity as measured by
transaminase elevations was delayed it did not convey a
protective effect against lethality. In a 24-h experiment it
was determined that all of the KO mice died; however, only
half of the WT mice died.

Determination of the effect of APAP on MnSOD activity in
the liver of WT mice indicated that its activity was signifi-
cantly decreased at 1 and 2 h followed by a recovery phase at
4 to 8 h (Fig. 3A). These data are similar to what was
observed previously (Agarwal et al., 2011). MnSOD activity
in the KO mice was not significantly altered until 8 h at

which time it was significantly decreased (Fig. 3). The rela-
tive amount of protein did not significantly change in the
livers of the WT mice consistent with what we observed
previously (Agarwal et al., 2011); however, the amount of
protein in the livers of the KO mice increased slightly (Fig. 3,
B and C). The combined liver homogenates in the time groups
of 0, 2, 4, and 8 h of the WT and KO mice groups were
analyzed on a single gel for nitrated proteins (Fig. 4A). There
was significantly more nitrated MnSOD in the liver homog-
enates of WT mice than in the KO mice. Consistent with our
previous observations, there was a background level of nitra-
tion in the nontreated mice (Agarwal et al., 2011), which
suggests a background level of peroxynitrite formation. The
differences were statistically analyzed by using multiple gels
with overlapping samples (Fig. 4B). After APAP administra-
tion nitration was significantly increased in the livers of WT
mice at 1 to 8 h but was significantly increased in KO mice
only at 6 and 8 h. There was significantly more nitration in
the WT mice compared with KO mice at 1 to 6 h (Fig. 4B).
Thus, nNOS in hepatic mitochondria seems to be a major
source of NO leading to nitration of MnSOD. However, nitra-
tion occurs in the hepatic mitochondria of KO mice, which is
consistent with NO formed by other NOS forms in the liver
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such as endothelial NOS or iNOS (NO is freely diffusible).
There was a significant increase in nitration of MnSOD in the
liver homogenates of the KO mice at 6 and 8 h (Fig. 4B). This
increase coincided with a significant decrease in MnSOD activ-
ity at 8 h (Fig. 3) and a significant increase in ALT in serum at
8 h (Fig. 1A). The increased nitration and the decreased
MnSOD activity may be mechanistically important, and even in
the KO mice the toxicity may be mediated by peroxynitrite.
However, the alterations in hepatic MnSOD activity may
not be completely a result of nitration but may have oc-

curred by other mechanisms. Ozden et al. (2011) have
shown that MnSOD activity is regulated by the reversible
acetylation of specific, evolutionarily conserved lysines in the
protein.

We and others have postulated a role for peroxynitrite in
APAP hepatotoxicity (Hinson et al., 1998; James et al., 2003;
Jaeschke et al., 2003). We found that in hepatocytes the
nNOS inhibitor 7-nitroindazole inhibited APAP-induced ni-
tration and toxicity (Burke et al., 2010). The finding that in
APAP hepatotoxicity MnSOD is nitrated with loss of activity
coupled with the finding that MnSOD heterozygote mice
(Fujimoto et al., 2009) and MnSOD knockdown rats (Yo-
shikawa et al., 2009) are much more sensitive to APAP hep-
atotoxicity than the wild type further supports a role for
peroxynitrite in the toxicity. MnSOD limits peroxynitrite
formation, and with loss of activity upon nitration, additional
peroxynitrite would be formed. These findings suggest that
the inhibition of MnSOD activity in APAP toxicity contrib-
utes to the toxicity.

A critical question that has not been answered in this
article is what is the mechanism of initiation of peroxynitrite
formation? Conceivably either an increase in superoxide or
NO may have been the initiating event. One possibility is
that MPT may have been initiated by signal transduction
events involving c-Jun NH2-terminal kinase (Kaplowitz et
al., 2008). Alternatively, because nNOS can be induced by
cytosolic calcium it is conceivable that increased cytosolic
calcium was mechanistically important in toxicity, leading to
increased NO and formation of peroxynitrite. Altered cytoso-
lic calcium concentrations have been postulated to be impor-
tant in APAP hepatotoxicity (Moore et al., 1985; Tirmenstein
and Nelson, 1989; Boobis et al., 1990).

To more fully understand the oxidative stress in APAP
toxicity hepatic lipid peroxidation in APAP toxicity in nNOS
knockout mice was determined. Whereas peroxidation of lip-
ids may occur by a Fenton reaction (ferrous plus peroxide), it
may also be mediated by peroxynitrite (Rubbo et al., 1994).
Lipid peroxidation has been reported to occur in APAP hep-
atotoxicity (Younes et al., 1986; Hinson et al., 2002); how-
ever, this is controversial (Kamiyama et al., 1993). Lipid
peroxidation in the APAP-treated WT and KO mice was
determined by assaying for 4-HNE covalent binding to liver
homogenate. 4-HNE is produced by the peroxidation of lipids
and binds to nucleophilic groups on proteins. Covalent bind-
ing of 4-HNE to proteins is a biomarker of lipid peroxidation
(Esterbauer, 1996; Waeg et al., 1996). As shown in Fig. 5,
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4-HNE covalent binding to protein did not significantly in-
crease with time in the liver homogenates of either WT or KO
mice. In addition, there were no significant differences ob-
served between 4-HNE binding in the livers of WT and KO
mice. Thus, there is no evidence that nNOS contributes to
this mechanism of oxidative stress in APAP toxicity.

Previously, we reported one major nitrated protein, pre-
sumably MnSOD, in hepatic homogenates of APAP-treated
iNOS knockout and WT mice; however, we did observe a
number of minor nitrated proteins (Michael et al., 2001).
Abdelmegeed et al., (2010) administered CYP2E1 KO mice
and the corresponding WT mice a toxic dose of APAP and
reported major nitrated proteins at, 60, 50, and 25 kDa and
a number of minor nitrated proteins. The relative amount of
nitration correlated with toxicity. Thus, the finding of only
one primary nitrated protein at 24 kDa (MnSOD) in this
study was surprising. However, peroxynitrite is not only a
nitrating agent; it is an oxidizing agent, and oxidative mech-
anisms may be important in toxicity. For example, Schöpfer
et al. (2000) have pointed out that electron transfer in the
mitochondria via ubihydroquinone (ubiquinol) can be oxi-
dized by peroxynitrite, leading to formation of the semiqui-
none. The semiquinone can react with oxygen, forming su-
peroxide. This leads to disruption of electron transfer. By this
mechanism initiation of toxicity would be a result of induc-
tion of NO synthesis, which reacts with superoxide to form
peroxynitrite, and GSH depletion, which normally detoxifies
peroxynitrite. Thus, the reaction is self-propagating. In sup-
port of this mechanism, Amimoto et al. (1995) showed a
time-dependent decrease in hepatic-reduced coenzyme Q9
and Q10 (ubihydroquinones) after administration of toxic
doses of APAP to mice. Thus, both nitration and oxidation
mechanisms may play an important role in APAP toxicity.

In conclusion, the finding that nitration of MnSOD is much
greater in livers of APAP-treated WT mice than in livers of
the KO mice establishes a role for nNOS in the nitration of

MnSOD in APAP toxicity. These data are consistent with
nNOS being a mitochondrial protein. In addition, the nitra-
tion of MnSOD observed in the liver of APAP-treated nNOS
KO mice is evidence for other NOS forms contributing to
protein nitration. The delay in the onset of toxicity (serum
ALT and AST) in the nNOS KO mice compared with the WT
mice suggests that nNOS plays an important role in initia-
tion of toxicity. However, the observation that there was a
similar amount of toxicity by 8 h in the WT and KO mice
suggests that, although nitration and inactivation of MnSOD
was delayed, alternative mechanisms are also important,
which may lead to toxicity after APAP treatment, and these
mechanisms are independent of nNOS. As discussed above,
one possible mechanism for the activation of nNOS is by
increased cytosolic calcium. In the absence of nNOS the in-
creased cytosolic calcium may produce toxicity by other
mechanisms. The postulated mechanism of APAP toxicity is
presented in Fig. 7.
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