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Previous data have indicated that activated macrophages
may play a role in the mediation of acetaminophen toxicity.
In the present study, we examined the significance of super-
oxide produced by macrophages by comparing the toxicity
of acetaminophen in wild-type mice to mice deficient in
gp91phox, a critical subunit of NADPH oxidase that is the
primary source of phagocytic superoxide. Both groups of
mice were dosed with 300 mg/kg of acetaminophen or
saline and sacrificed at 1, 2, 4 or 24 h. Glutathione in total
liver and in mitochondria was depleted by approximately
90% at 1 h in wild-type and knock out mice. No significant
differences in toxicity (serum transaminase levels or histo-
pathology) were observed between wild-type and mice
deficient in gp91phox. Mitochondrial glutathione disulfide,
as a percent of total glutathione, was determined as a
measure of oxidant stress produced by increased super-
oxide, leading to hydrogen peroxide and/or peroxynitrite.
The percent mitochondrial glutathione disulfide increased
to approximately 60% at 1 h and 70% at 2 h in both groups of
mice. Immunohistochemical staining for nitrotyrosine was
present in vascular endothelial cells at 1 h in both groups of
mice. Acetaminophen protein adducts were present in
hepatocytes at 1 h in both wild-type and knock out animals.
These data indicate that superoxide from activated
macrophages is not critical to the development of aceta-
minophen toxicity and provide further support for the role
of mitochondrial oxidant stress in acetaminophen toxicity.

Keywords: Acetaminophen; Peroxynitrite; Nitrotyrosine; NADPH
oxidase; Superoxide; Glutathione

INTRODUCTION

In overdose the commonly used analgesic aceta-
minophen (APAP) produces centrilobular necrosis in

the livers of humans and experimental animals.
The mechanism has been studied extensively.
Briefly, it has been shown that the initial step is
metabolism by cytochrome P450 enzymes to the
reactive metabolite N-acetyl-p-benzoquinone imine
(NAPQI). With therapeutic doses of acetaminophen,
NAPQI is efficiently detoxified by glutathione (GSH)
to form 3-(glutathione-S-yl)acetaminophen which is
further metabolized and excreted. However, in
overdose total hepatic GSH is depleted and NAPQI
covalently binds to cysteine groups on proteins as
APAP-cysteine adducts. Immunohistochemical ana-
lyses have revealed that the large majority of cells that
develop APAP-cysteine adducts subsequently
become necrotic.[1]

Even though metabolic activation leading to GSH
depletion and covalent binding is well recognized as
an important step in APAP-induced liver necrosis,
a significant body of work indicates that oxidant
stress is also important. Thus, Nakae et al.[2] reported
that administration of encapsulated superoxide
dismutase delayed the development of hepatotoxi-
city in rats. Also, Jaeschke[3] reported that oxidant
stress occurred in mitochondria of APAP treated
mice. He showed that glutathione disulfide (GSSG)
as a percent of total glutathione (GSH þ GSSG)
dramatically increased in mitochondria. However,
APAP does not produce lipid peroxidation in treated
mice or rats, and GSSG biliary efflux is not increased
in mice or rats treated with toxic doses of APAP.[3,4]

In contrast, increased biliary efflux for GSSG and
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hepatic lipid peroxidation have been demonstrated
for diquat, a compound that undergoes redox
cycling.[5]

More recently, several laboratories have suggested
that Kupffer cells are involved in APAP toxicity.
In the activated form these resident macrophages
produce superoxide, nitric oxide, and inflammatory
cytokines.[6] Pretreatment of rats with gadolinium
chloride, dextran sulfate, or LPS before the admin-
istration of APAP decreased the subsequent toxicity
of APAP.[6] Likewise, pretreatment of mice with
gadolinium chloride, dextran sulfate, or dichloro-
methylene disphosphonate significantly decreased
the susceptibility of mice to the hepatotoxicity of
APAP.[7,8] Mechanistically, these data suggest that
metabolism of APAP is associated with activation of
Kupffer cells, which results in increased superoxide
production, leading to oxidant stress and toxicity.

Our laboratory presented evidence that peroxy-
nitrite is mechanistically important in APAP-
induced toxicity. Peroxynitrite is formed by a very
rapid reaction between superoxide and nitric oxide.
It is both an oxidant and a nitrating agent and has
been shown to cause nitration of proteins.[9] Using an
antiserum that recognizes 3-nitrotyrosine, we
showed that 3-nitrotyrosine and APAP protein
adducts co-localize in the centrilobular cells of the
liver following toxic doses of APAP.[10,11] It was
postulated that GSH depletion by NAPQI was a
significant factor since GSH is a detoxification
mechanism for peroxynitrite. Also, data were
presented that Kupffer cell inactivators decreased
tyrosine nitration following a toxic dose of APAP and
a role for Kupffer cells in peroxynitrite formation
was postulated.[12]

The purpose of the present study was to
investigate whether superoxide generated by
NADPH oxidase is essential to the development of
APAP toxicity. NADPH oxidase is the major source
of superoxide produced by activated macrophages,
monocytes and neutrophils, as well as some
nonphagocytic cells.[13,14] NADPH oxidase is a
multi-component electron transport system that
reduces oxygen to superoxide with NADPH as a
cofactor. Mutations in any of the essential subcom-
ponents result in dysfunction of NADPH oxidase,
the enzyme associated with chronic granulomatous
disease,[15] a disorder characterized by recurrent
bacterial and fungal infections. In the following
study, we evaluated the role of NADPH oxidase in
APAP toxicity through the use of mice deficient in
the gene encoding gp91phox, the large membrane-
bound subunit of the NADPH respiratory burst
oxidase complex.[16] We hypothesized that the
absence of NADPH oxidase, and therefore the lack
of superoxide production by Kupffer cells, would
decrease peroxynitrite production and consequently,
nitrotyrosine formation and APAP hepatotoxicity.

Contrary to our hypothesis, we found no difference
in nitrotyrosine formation and APAP hepatotoxicity
in mice deficient in NADPH oxidase, as compared to
wild-type mice.

MATERIALS AND METHODS

Reagents

Acetaminophen (APAP, paracetamol) was obtained
from Sigma Chemical Co. (St. Louis, MO). Universal
DAKO LSAB þ (Labeled Streptavidin-Biotin) Per-
oxidase kit and DAKO protein block (serum free)
were acquired from DAKO Corporation (Carpinteria,
CA). Immunopure Peroxidase Suppressor and
Coomassie Plus Protein Assay Reagent were pur-
chased from Pierce Chemical Co. (Rockford, IL). Gills
Hematoxylin II and Permount were obtained from
Fischer Scientific, Inc. (Pittsburgh, PA).

Animals

B6.129S6-Cybbtm1 mice (previously referred to as
C57BL/6-Cybbtm1),[17] also known as X-CGD (chronic
granulomatous disease) mice, have a targeted
disruption of the gp91phox subunit of the NADPH-
oxidase complex (phox), and were derived from a
C57BL/6 £ 129/Sv background and backcrossed six
times with C57BL/6 mice.[17] Peripheral blood neu-
trophils[17] and macrophages[18] from mice deficient
in pg91phox fail to generate superoxide and have an
increased susceptibility to infections with Staphylo-
coccus aureus and Aspergillus fumigatus. Male
B6.129S6-Cybbtm1 (knockout, or KO) and C57BL/6J
(wild-type, or WT) mice (average weight, 22.9 g) were
obtained from Jackson Laboratories (Bar Harbor,
ME). Mice (6 weeks of age) were acclimatized for 1
week before the experiment. The day before the
experiment, food was removed from the animals at
4:00 P.M., and at 8:00 A.M. the next morning animals
were injected with 300 mg/kg APAP i.p. in 0.4 ml
saline. In initial experiments, mice were sacrificed at 4
and 24 h after APAP. In subsequent experiments,
mice were sacrificed at 1 and 2 h after APAP. At the
indicated time, the mice were anesthetized with CO2

and blood was taken from the retro-orbital sinus.
The blood was allowed to coagulate at room

temperature and the samples were centrifuged.
The serum was removed and stored at 48C prior to
analysis. Immediately after bleeding, the mice were
sacrificed and the livers were removed. A portion of
each liver was weighed and homogenized in a 5:1 v/w
of 20 mM Tris base, 1.15% potassium chloride, 20 mM
butylated hydroxyanisole (pH 7.4) buffer.

Analyses

Serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels were determined
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spectrophotometrically through the use of a Sigma
Chemical Co. kit (St Louis, MO). Hepatic GSH was
measured by a colorimetric method using Ellman’s
reagent as previously modified by Mitchell et al.[19]

Mitochondrial GSSG and GSH were measured with a
modified method of Tietze.[3] Isolated mitochondria
(described below) were homogenized at 08C in 3%
sulfosalicylic acid containing 0.1 mM EDTA.
An aliquot of the homogenate was added to 10 mM
NEM in phosphate buffer (KPP) and another aliquot
was added to 0.01 M HCl. The NEM-KPP sample
was centrifuged and the supernatant was passed
through a C18 cartridge to remove free NEM and
NEM-GSH adducts (Sep-pak; Waters Associates,
Waltham, MA). The HCl sample was centrifuged and
the supernatant was diluted with KPP. All samples
were assayed using dithionitrobenzoic acid (DTNB).
All data are expressed in GSH-equivalents.

Acetaminophen-protein adducts and nitrotyrosine
adducts in liver were analyzed by immuno-
histochemical procedures using rabbit antisera
raised against 4-acetamidobenzoic acid-KLH and
4-hydroxy-3-nitrobenzoic acid-KLH.[18] Briefly, fresh
liver tissues were cut to approximately 2-mm
thickness and fixed in 10% buffered formalin for
24 h. Paraffin-embedded liver tissue sections were
deparaffinized in xylene (2 £ 5 min, 258C), and then
rehydrated through a series of graded ethanol
washes and deionised water. To inhibit the endogen-
ous peroxidase activity, the sections were immersed
in Immunopure peroxidase suppressor for 30 min,
followed by a 3 min wash in phosphate buffered
saline (PBS). Then 0.15% Triton-X 100 in PBS was
added to each tissue section for 20 min to permea-
blize the cells. Sections were washed in PBS. Next,
DAKO protein block was placed on each section to
inhibit nonspecific binding. The sections were
washed in PBS and exposed to the primary
antibodies of APAP (1:500) and nitrotyrosine (1:200)
for 1 h at room temperature. The suggested protocol
in DAKO LSAB þ kit was followed for color
development. The slides were counterstained with
Gills Hematoxylin II for 2 min, then rinsed in
deionized water and immersed in ammonia blue
for 2 min. The slides were dehydrated and mounted
with Permount.

Mouse liver samples were also analyzed for
nitrotyrosine by ELISA, using the kit from Oxis
Research (Portland, OR) as per the manufacturer’s
instructions.

Isolation of Mitochondria

A portion of the liver was homogenized in ice-cold
isolation buffer (pH 7.4) containing 220 mM manni-
tol, 70 mM sucrose, 2.5 mM Hepes, 10 mM EDTA,
1 mM EGTA, and 0.1% bovine serum albumin. The
liver homogenate was centrifuged at 600g for 8 min

at 48C to remove nuclei and cellular debris. The
supernatant was removed and centrifuged at 10,000g
for 10 min at 48C to pellet the mitochondria; the pellet
was washed once with 2 ml of isolation buffer. The
mitochondrial pellet was resuspended in 3% sulfo-
salicylic acid containing 0.1 mM EDTA, vigorously
vortexed, and centrifuged to sediment the precipi-
tated protein. A part of the supernatant was diluted
in 100 mM potassium phosphate buffer (pH 6.5) for
the determination of total glutathione (GSH þ

GSSG) and another part was added to 10 mM
N-ethylmaleimide (NEM) in potassium phosphate
buffer for the determination of GSSG.

Statistical Analysis

Results are expressed as means ^ SE. Comparisons
between multiple groups were by one-way analysis
of variance followed by the Tukey HSD post-hoc test;
p # 0.05 was considered statistically significant.
SPSS Version 10.0 (SPSS Inc., Chicago, IL) was used
for statistical analyses.

RESULTS

Previous data suggested a role for activated Kupffer
cells in the hepatotoxicity of APAP.[7] Kupffer cells
utilize NADPH oxidase to generate reactive oxygen
species. To determine the importance of this enzyme
in toxicity, wild-type mice (WT) and NADPH
oxidase knockout mice (KO) were administered
300 mg/kg of APAP or saline and sacrificed at 1, 2, 4
or 24 h. One and 2 h are times before serum
elevations of hepatic transaminases occur. Four
hour is an early time point in the development of
toxicity and 24 h is associated with the full
development of the toxicity. Relative toxicity was
determined by increases in serum transaminase
levels and histological examination of slides from
treated mice. The administration of APAP resulted in
significant elevation of serum AST and ALT by 4 h in
both WT and KO mice and there was no significant
difference between the two groups of mice (Fig. 1).
Also, at 24 h there was no significant difference
between serum transaminase levels in the WT and
KO mice (Fig. 1).

Histological analysis of necrosis in H&E stained
slides in the WT and KO mice at all time points
indicated the same degree of toxicity (Fig. 2). At 1 h,
scattered cells in the centrilobular regions had
cytoplasmic vacuoles and increased eosinophilia.
By 2 h, the majority of cells in the centrilobular
regions contained large vacuoles. By 4 h, nuclei of
cells were pyknotic or absent and by 24 h, evidence of
necrosis encompassed the entire centrilobular
regions of the livers of both WT and KO animals
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(Fig. 2). These data indicated that WT and KO mice
were equally susceptible to the toxic effects of APAP.

To determine if there were differences between the
WT and KO animals in the relative amount of
peroxynitrite formed, immunohistochemical assays
for 3-nitrotyrosine were performed. Significant
nitration of tyrosine was detected in the livers of
WT and KO animals at 4 (Fig. 3) and 24 h (data not
shown). Thus, both the WT and KO mice were
equally susceptible to nitration of tyrosine in
proteins following toxic doses of APAP. These data
indicate that NADPH oxidase from activated
macrophages is not the source of superoxide leading
to peroxynitrite and tyrosine nitration in APAP
toxicity.

It has been previously reported that the percentage
of GSSG in the total GSH pool (GSH þ GSSG) is
increased particularly in mitochondria, following
toxic doses of APAP.[3,20] This has been referred to as

FIGURE 1 Time course for APAP-induced hepatotoxicity in WT and KO mice. (A) Serum levels of aspartate aminotransferase. (B) Serum
levels of alanine aminotransferase. Mice ðn ¼ 4Þ were treated with APAP (300 mg/kg) and sacrificed at 1, 2, 4, and 24 h after APAP.
No significant differences were present between WT and KO mice. (*p , 0.05, compared to controls, represented as time 0).

FIGURE 2 Liver pathology in WT and KO mice treated with
APAP and saline (200 £ ). (A) H&E stained section from APAP
treated WT mouse at 24 h. (B) H&E stained from APAP treated KO
mouse at 24 h. (C) H&E stained section from saline treated WT
mouse. (D). H&E stained section from KO mouse. Mice were
treated with APAP (300 mg/kg) or saline and animals were
sacrificed at 24 h.
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mitochondrial oxidant stress. To determine if
NADPH oxidase is an important source of super-
oxide leading to mitochondrial oxidant stress,
WT and KO mice were treated with APAP and
sacrificed at 1 and 2 h. The total hepatic glutathione
(GSH þ GSSG) in mitochondria was determined.
Hepatic GSH was significantly depleted in
liver homogenates of both WT and KO mice
by approximately 90% at 1 and 2 h (Fig. 4A).
No differences in hepatic GSH depletion were
apparent between WT and KO mice. Similarly,
mitochondrial GSH þ GSSG was significantly
reduced in both WT and KO mice at 1 and 2 h
(Fig. 4B) and no differences were found between WT
and KO mice. Mitochondrial oxidant stress, as
indicated by the percent GSSG in the total
mitochondrial glutathione pool, was significantly
increased in both WT and KO animals at 1 and 2 h
(Fig. 4C) and no differences were found between WT
and KO animals at either time point. A repeated
experiment gave similar data. Thus, the oxidant
stress observed in mitochondria of APAP treated
animals is not a result of NADPH oxidase.

In a previous study, we reported staining for
3-nitrotyrosine in hepatic sinusoids as a very early
event in APAP-induced hepatotoxicity.[20] Nitro-
tyrosine staining in vascular lining cells has
previously been detected as early as 1 h after APAP.
These data suggested the possible involvement of
activated Kupffer cells as a source of superoxide in
APAP-induced hepatotoxicity. To determine if
nitration of proteins in sinusoidal cells was the result
of NADPH oxidase, we stained liver sections for
3-nitrotyrosine from the WT and KO mice that were

sacrificed at 1 and 2 h after APAP. As shown in Fig. 5,
nitration was observed in the sinusoids of treated
mice at 1 h and the relative amount was similar in
WT and KO mice. By 2 h following APAP, nitrotyr-
osine staining was present in sinusoids and in some
hepatocytes (data not shown).

To further study nitrotyrosine formation in APAP
toxicity, liver samples from mice treated with APAP
and sacrificed at 1 and 2 h were analyzed
for nitrotyrosine by ELISA. The mean (^SE)
nitrotyrosine level at 2 h for WT animals was
26.3 ^ 6.5 pmol/mg protein, compared to 25.6 ^

3.2 pmol/mg protein for KO animals and compar-
able values were found at 1 h between the KO and
WT animals as well (data not shown). Thus, these
data indicated that nitrotyrosine formation was
similar between the two groups of mice and are
consistent with the immunohistochemical studies
above (Fig. 5).

Previous studies have reported APAP protein
adduct formation in both centrilobular and midzonal
regions by 1 h after APAP dosing in WT animals.[1]

Immunohistochemical analyses for APAP covalently
bound to protein were conducted to compare the
extent of APAP protein binding between WT and KO
mice. No staining for APAP was present among
control animals. By 1 h, staining for APAP protein
adducts was detectable in hepatocytes in the
centrilobular regions of the livers of WT and KO
animals (Fig. 6). The intensity of staining did not
differ between the two groups of animals. By 2 h,
staining for APAP protein adducts involved the
majority of the centrilobular hepatocytes in both WT
and KO animals, consistent with previous data (data
not shown).[1]

DISCUSSION

Previous studies have demonstrated that nitro-
tyrosine co-localizes with APAP protein adducts
and that its formation correlates with the develop-
ment of APAP toxicity.[10,11] Nitrotyrosine is formed
by peroxynitrite, which is produced by the spon-
taneous reaction of superoxide and nitric oxide.
Superoxide and nitric oxide may be produced by
activated macrophages[21] and several laboratories
have reported that pretreatment of animals with
macrophage inactivators (e.g. gadolinium chloride,
dextran sulfate, or LPS) reduces APAP toxicity.[7,8] To
further understand the role of superoxide and
activated macrophages in the mediation of APAP
toxicity, we studied APAP toxicity in KO mice with
impaired superoxide production from macrophages.
Mice deficient in gp91phox lack the catalytic
subunit of NADPH oxidase, the major oxidant-
generating enzyme in activated macrophages.[22]

Peripheral blood neutrophils[17] and macrophages[18]

FIGURE 3 Nitrotyrosine in livers of APAP treated WT and KO
mice at 24 and 4 hours (200 £ ). (A) WT mouse at 24 hours. (B) KO
mouse at 24 hours. (C) WT mouse at 4 hours. (D) KO mouse at 4
hours. (E) WT saline treated mouse. (F) KO saline treated mouse.
Mice were treated with APAP (300 mg/kg) or saline and sacrificed
at 24 or 4 hours.

NADPH OXIDASE IN ACETAMINOPHEN TOXICITY 1293

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
7/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



from mice deficient in pg91phox fail to generate
superoxide after stimulation with PMA, as measured
by the nitroblue tetrazolium test and cytochrome c
reduction assay. As a result, these mice have
increased susceptibility to bacterial, fungal, and
parasitic infections.[17,23] Mice deficient in gp91 phox

are frequently referred to as CGD mice, because
they serve as a phenotypic model for the
clinical syndrome, chronic granulomatous disease,
a genetic disorder characterized by defective
phagocytic respiratory burst oxidase and life-
threatening infections. In addition, mice deficient in

FIGURE 4 Effect of APAP on glutathione in total liver and hepatic mitochondria. (A) Hepatic GSH depletion. Baseline WT,
1.23 ^ 0.16 umol/g; Baseline KO, 1.02 ^ 0.27 umol/g. No statistical differences were present between baseline hepatic GSH of WT and KO
mice. (B) Depletion of total mitochondrial glutathione (GSH þ GSSG) content. Baseline WT, 3.95 ^ 0.91 nmol GSH equivalents/mg
protein; Baseline KO, 2.89 ^ 0.90 nmol GSH equivalents/mg protein. No statistical differences were present between baseline hepatic
GSH þ GSSG of WT and KO mice. (C) Mitochondria GSSG as percent of the total (GSH þ GSSG) mitochondrial glutathione pool. Mice
were treated with APAP (300 mg/kg) and sacrificed at 1 and 2 h after APAP. No differences were present between WT and KO mice.
(*p , 0.05, compared to controls, represented as time 0).
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pg91phox have been previously utilized in a study
of superoxide-related liver injury. Harada recently
assessed the role of NADPH oxidase-derived super-
oxide in an ischemia reperfusion model of liver
injury and reported that the knock out mice were
protected from liver injury.[24]

In the present study, we hypothesized that
decreased superoxide formation in KO mice would
lead to decreased peroxynitrite formation and
therefore reduced nitrotyrosine staining and APAP
hepatotoxicity, as compared to WT mice. In contrast,
we found that mice deficient in gp91phox and WT
mice had equal hepatotoxicity to APAP. WT and KO
mice had equal levels of serum hepatic transamin-
ases and comparable immunohistochemical staining
for nitrotyrosine. In addition, no differences in
nitrotyrosine formation measured by ELISA were
found between the WT and KO mice. These data
suggest that superoxide formation from NADPH
oxidase in kupffer cells does not contribute to
peroxynitrite formation and to the mediation of
APAP toxicity.

Previous data have demonstrated that mitochon-
drial oxidant stress is important in APAP toxicity.[3]

Knight and coworkers[20] found that the percentage
of mitochondrial GSSG increased 8 fold in mice 6 h
after APAP dosing. These results are consistent with
the findings of the present study showing 6 and 7 fold
elevation in mitochondrial %GSSG at 1 and 2 h after
APAP. Mitochondrial dysfunction occurs early after
the administration of toxic APAP doses.[25] More-
over, mitochondrial proteins are covalently bound by
APAP.[26]

The immunohistochemical data of the present
study are also consistent with the previous finding of
early staining (i.e. 1 h) for nitrotyrosine in the vascular
endothelial cells of the centrilobular regions of the
liver.[20] In the present study, staining for nitrotyro-
sine was present by 1 h in the vascular endothelial
cells of both WT and KO mice. Sinusoidal endothelial
cells have previously been demonstrated to be
susceptible to APAP under in vitro conditions.[27]

DeLeve et al. reported that GSH was depleted by 60%
in sinusoidal endothelial cells of C3H-HEN mice
exposed to APAP, and that the susceptibility of these
cells to APAP was reversed by pre-treatment with
aminobenzotriazole, a suicide inhibitor of P450
isozymes.[27] Sinusoidal endothelial cells have been
shown to possess cytochrome P450 activity[28] and to
be targets of metabolic activation.[29] In addition,
direct infusion of sources of superoxide and nitric
oxide (i.e. the precursors of peroxynitrite) in an
isolated perfused rat liver system resulted in
morphological and structural alterations in liver
sinusoids, consistent with the in vivo changes found in
APAP toxicity.[30] Collectively, these studies suggest
the APAP metabolism to NAPQI and peroxynitrite
formation occur in sinusoidal endothelial cells a very
early event in APAP toxicity.

The development of equal toxicity in KO and WT
mice suggests that superoxide generated from
Kupffer cells does not play a critical role in the
mediation of APAP toxicity. The data from the present
study are interesting in light of previous studies[7,8]

showing that treatment of mice with macrophage
inactivators decreases acetaminophen toxicity. How-
ever, increased superoxide formation may arise from
sources other than resident macrophages, such as
recruited macrophages, neutrophils and xanthine
oxidase. Both macrophages[1] and neutrophils[31] are
recruited to the liver during APAP toxicity. Since
accumulation of these inflammatory cells[1] follows
the increase of hepatic transaminases, it is unlikely
that these cells are unlikely involved in the
mechanism of injury. Moreover, functional inactiva-
tion of neutrophils with antibodies against b2

integrins did not protect against APAP hepatotoxi-
city.[31] Our current data with KO mice are consistent
with this previous study[31] and suggest that
neutrophil-derived reactive oxygen species are not
involved in vascular or hepatocellular peroxynitrite
formation and the initiation of liver cell injury.

FIGURE 5 Nitrotyrosine staining at early times in livers of APAP
treated WT and KO mice (200 £ ). (A) WT mouse at 1 h. (B) KO
mouse at 1 h. (C) WT saline treated mouse. (D) KO saline treated
mouse. Mice were treated with APAP (300 mg/kg) or saline and
sacrificed at 1 h.

FIGURE 6 APAP-protein adducts in the livers of APAP treated
WT and KO mice (200 £ ). (A) WT mouse at 1 h. (B) KO mouse at
1 h. (C) WT saline treated mouse. (F) KO saline treated mouse.
Mice were treated with APAP (300 mg/kg) and sacrificed at 1 h.
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Increased conversion of xanthine dehydrogenase to
the superoxide-generating enzyme xanthine oxidase
has been observed during APAP hepatotoxicity.[3]

Treatment with high doses of allopurinol, an inhibitor
of xanthine oxidase, prevented nitrotyrosine formation
and protected effectively against APAP-induced liver
injury.[3,20] The mechanism of decreased toxicity was
by inhibition of covalent binding of the reactive
metabolite to the protein. Lower doses of allopurinol,
which completely inhibited xanthine oxidase activity,
did not affect APAP hepatotoxicity.[3] These data
suggest that xanthine oxidase is not a relevant source
of superoxide formation after APAP treatment.
Since high dose allopurinol prevented the increase
in mitochondrial GSSG levels and hepatocellular
nitrotyrosine staining, we postulated that mitochon-
dria are the main source of the intracellular oxidant
stress.[3,20] Our current data confirm the increased
mitochondrial GSSG formation in APAP toxicity and
demonstrate that oxidant stress is independent of
NADPH oxidase.

Recent data indicate that homologues of gp91phox
are present in nonphagocytic cells. The first
described homologue, Nox1, formerly referred to as
Mox1, has been found to be present in human, rat
and mouse vascular smooth muscle cells as well as
other cells such as colonic epithelium and fibro-
blasts.[18,32] Nox1 is thought to be of importance in
mitogenic signaling, cancer, and angiogenesis.[33]

Nox1-transfected cells have increased superoxide
generation.[32] Mice deficient in gp91 phox and WT
mice[18] were found to have equal amounts of Nox1
mRNA, suggesting that Nox1 is regulated indepen-
dently of gp91phox[18] Whether or not Nox1 or other
homologues of gp91phox are present in the liver
and/or the sinusoidal endothelium is unknown.
Therefore, in the present study, we cannot comple-
tely rule out that some superoxide may have been
generated from nonphagocytic homologues of
NADPH oxidase, which would be present in both
WT and KO animals. However, the fact that
allopurinol prevented mitochondrial dysfunction
and oxidant stress[20] suggest that homologues of
NADPH oxidase are not a major source of super-
oxide in APAP hepatotoxicity.

In conclusion, we found that mice lacking NADPH
oxidase activity and WT mice had equal toxicity to
APAP. The data of the present study are consistent
with the hypothesis that mitochondria are the major
source of increased superoxide formation, leading to
peroxynitrite and the resulting toxicity. Sinusoidal
endothelial cells appear to be early targets of APAP
toxicity by NAPQI and peroxynitrite.

Acknowledgements

This work was supported by grant DK02971 from
the National Institute for Diabetes and Digestive

Diseases to L.P.J and by grant GM58884 from
the National Institute for General Medical Sciences
to J.A.H.

References

[1] Roberts, D.W., Bucci, T.J., Benson, R.W., Warbritton, A.R.,
McRae, T.A., Pumford, N.R., et al. (1991) “Immunohisto-
chemical localization and quantification of the 3-(cystein-S-
yl)-acetaminophen protein adduct in acetaminophen hepato-
toxicity”, Am. J. Pathol. 138(2), 359–371.

[2] Nakae, D., Yoshiji, H., Yamamoto, K., Maruyama, H.,
Kinugasa, T., Takashima, Y., et al. (1990) “Influence of timing
of administration of liposome-encapsulated superoxide
dismutase on its prevention of acetaminophen-induced
liver cell necrosis in rats”, Acta Pathol. Jpn. 40(8), 568–573.

[3] Jaeschke, H. (1990) “Glutathione disulfide formation and
oxidant stress during acetaminophen- induced hepatotoxicity
in mice in vivo: the protective effect of allopurinol”,
J. Pharmacol. Exp. Ther. 255(3), 935–941.

[4] Smith, C.V. and Mitchell, J.R. (1985) “Acetaminophen
hepatotoxicity in vivo is not accompanied by oxidant stress”,
Biochem. Biophys. Res. Commun. 133(1), 329–336.

[5] Smith, C.V., Hughes, H., Lauterburg, B.H. and Mitchell, J.R.
(1985) “Oxidant stress and hepatic necrosis in rats treated
with diquat”, J. Pharmacol. Exp. Ther. 235(1), 172–177.

[6] Laskin, D.L., Gardner, C.R., Price, V.F. and Jollow, D.J. (1995)
“Modulation of macrophage functioning abrogates the acute
hepatotoxicity of acetaminophen”, Hepatology 21(4),
1045–1050.

[7] Blazka, M.E., Germolec, D.R., Simeonove, P., Bruccoleri, A.,
Pennypacker, K.R. and Luster, M.I. (1995) “Acetaminophen-
induced hepatotoxicity is associated with early changes in
NF-kB and NF-IL6 DNA binding activity”, J. Inflamm. 47(3),
138–150.

[8] Goldin, R.D., Ratnayaka, I.D., Breach, C.S., Brown, I.N. and
Wickramasinghe, S.N. (1996) “Role of macrophages in
acetaminophen (paracetamol)-induced hepatotoxicity”,
J. Pathol. 179(4), 432–435.

[9] Squadrito, G.L. and Pryor, W.A. (1998) “Oxidative chemistry
of nitric oxide: the roles of superoxide, peroxynitrite, and
carbon dioxide”, Free Radic. Biol. Med. 25(4–5), 392–403.

[10] Hinson, J.A., Pike, S.L., Pumford, N.R. and Mayeux, P.R.
(1998) “Nitrotyrosine-protein adducts in hepatic centrilobular
areas following toxic doses of acetaminophen in mice”,
Chem. Res. Toxicol. 11(6), 604–607.

[11] Hinson, J.A., Michael, S.L., Ault, S.G. and Pumford, N.R.
(2000) “Western blot analysis for nitrotyrosine protein
adducts in livers of saline-treated and acetaminophen-treated
mice”, Toxicol. Sci. 53(2), 467–473.

[12] Michael, S.L., Pumford, N.R., Mayeux, P.R., Niesman, M.R.
and Hinson, J.A. (1999) “Pretreatment of mice with
macrophage inactivators decreases acetaminophen hepato-
toxicity and the formation of reactive oxygen and nitrogen
species”, Hepatology 30(1), 186–195.

[13] Gorlach, A., Brandes, R.P., Nguyen, K., Amidi, M., Dehghani,
F. and Busse, R. (2000) “A gp91phox containing NADPH
oxidase selectively expressed in endothelial cells is a major
source of oxygen radical generation in the arterial wall”,
Circ. Res. 87(1), 26–32.

[14] Hsich, E., Segal, B.H., Pagano, P.J., Rey, F.E., Paigen, B.,
Deleonardis, J., et al. (2000) “Vascular effects following
homozygous disruption of p47(phox): an essential com-
ponent of NADPH oxidase”, Circulation 101(11), 1234–1236.

[15] Dinauer, M.C. (1993) “The respiratory burst oxidase and the
molecular genetics of chronic granulomatous disease”,
Crit. Rev. Clin. Lab. Sci. 30(4), 329–369.

[16] Curnutte, J.T. (1993) “Chronic granulomatous disease: the
solving of a clinical riddle at the molecular level”,
Clin. Immunol. Immunopathol. 67((3 pt 2), S2–S15.

[17] Pollock, J.D., Williams, D.A., Gifford, M.A., Li, L.L., Du, X.,
Fisherman, J., et al. (1995) “Mouse model of X-linked chronic
granulomatous disease, an inherited defect in phagocyte
superoxide production”, Nat. Genet. 9(2), 202–209.

L.P. JAMES et al.1296

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
7/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



[18] Kirk, E.A., Dinauer, M.C., Rosen, H., Chait, A., Heinecke, J.W.
and LeBoeuf, R.C. (2000) “Impaired superoxide production
due to a deficiency in phagocyte NADPH oxidase fails to
inhibit atherosclerosis in mice”, Arterioscler. Thromb. Vasc. Biol.
20(6), 1529–1535.

[19] Mitchell, J.R., Jollow, D.J., Potter, W.Z., Gillette, J.R.
and Brodie, B.B. (1973) “Acetaminophen-induced hepatic
necrosis. IV. Protective role of glutathione”, J. Pharmacol. Exp.
Ther. 187(1), 211–217.

[20] Knight, T.R., Kurtz, A., Bajt, M.L., Hinson, J.A. and
Jaeschke, H. (2001) “Vascular and hepatocellular peroxy-
nitrite formation during acetaminophen toxicity: role of
mitochondrial oxidant stress”, Toxicol. Sci. 62(2), 212–220.

[21] Winwood, P.J. and Arthur, M.J. (1993) “Kupffer cells:
their activation and role in animal models of liver
injury and human liver disease”, Semin. Liver Dis. 13(1),
50–59.

[22] Badwey, J.A. and Karnovsky, M.L. (1980) “Active oxygen
species and the functions of phagocytic leukocytes”, Annu.
Rev. Biochem. 49, 695–726.

[23] Morgenstern, D.E., Gifford, M.A., Li, L.L., Doerschuk, C.M.
and Dinauer, M.C. (1997) “Absence of respiratory burst in
X-linked chronic granulomatous disease mice leads to
abnormalities in both host defense and inflammatory
response to Aspergillus fumigatus”, J. Exp. Med. 185(2),
207–218.

[24] Harada, H., Hines, I.N., Hoffman, J.M., Gao, B., Flores, S.,
McCord, J.M. and Grisham, M.B. (2002) “Role of NADPH
oxidase-derived superoxide in reduced size liver ischemia
and reperfusion injury in mice”, Hepatology 36(4), 175A.

[25] Esterline, R.L., Ray, S.D. and Ji, S. (1989) “Reversible and
irreversible inhibition of hepatic mitochondrial respirtion by
acetaminophen and its toxic metabolite, N-acetyl-p-benzo-
quinoneimine (NAPQI)”, Biochem. Pharmacol. 38(14),
2387–2390.

[26] Pumford, N.R., Hinson, J.A., Benson, R.W. and Roberts, D.W.
(1990) “Immunoblot analysis of protein containing 3-(cystein-
S-yl)acetaminophen adducts in serum and subcellular liver
fractions from acetaminophen-treated mice”, Toxicol. Appl.
Pharmacol. 104(3), 521–532.

[27] DeLeve, L.D., Wang, X., Kaplowitz, N., Shulman, H.M., Bart,
J.A. and van der Hoek, A. (1997) “Sinusoidal endothelial cells
as a target for acetaminophen toxicity. Direct action versus
requirement for hepatocyte activation in different mouse
strains”, Biochem. Pharmacol. 53(9), 1339–1345.

[28] Steinberg, P., Lafranconi, W.M., Wolf, C.R., Waxman, D.J.,
Oesch, F. and Friedberg, T. (1987) “Xenobiotic metabolising
enzymes are not restricted to parenchymal cells in rat liver”,
Mol. Pharmacol. 32(4), 463–470.

[29] Steinberg, P., Schlemper, B., Molitor, E., Platt, K.L., Seidel, A.
and Oesch, F. (1990) “Rat liver endothelial and Kupffer cell-
mediated mutagenicity of polycyclic aromatic hydrocarbons
and aflatoxin B1”, Environ. Health Perspect. 88, 71–76.

[30] Deaciuc, I.V., D’Souza, N.B., Sarphie, T.G., Schmidt, J., Hill,
D.B. and McClain, C.J. (1999) “Effects of exogenous super-
oxide anion and nitric oxide on the scavenging function and
electron microscopic appearance of the sinusoidal endo-
thelium in the isolated, perfused rat liver”, J. Hepatol. 30(2),
213–221.

[31] Lawson, J.A., Farhood, A., Hopper, R.D., Bajt, M.L. and
Jaeschke, H. (2000) “The hepatic inflammatory response after
acetaminophen overdose: role of neutrophils”, Toxicol. Sci.
54(2), 509–516.

[32] Suh, Y.A., Arnold, R.S., Lassegue, B., Shi, J., Xu, X., Sorescu,
D., et al. (1999) “Cell transformation by the superoxide-
generating oxidase Mox 1”, Nature 401(6748), 79–82.

[33] Arbiser, J.L., Petros, J., Klafter, R., Govindarajan, B.,
McLaughlin, E.R., Brown, L.F., et al. (2002) “Reactive oxygen
generated by Nox 1 triggers the angiogenic switch”, Proc. Natl
Acad. Sci. USA 99(2), 715–720.

NADPH OXIDASE IN ACETAMINOPHEN TOXICITY 1297

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
7/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


