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Abstract
Acetaminophen (APAP) toxicity in primary mouse hepatocytes occurs in two phases. The initial
phase (0–2 h) occurs with metabolism to N-acetyl-p-benzoquinoneimine which depletes
glutathione, and covalently binds to proteins, but little toxicity is observed. Subsequent washing of
hepatocytes to remove APAP and reincubating in media alone (2–5 h) results in toxicity. We
previously reported that the reincubation phase occurs with mitochondrial permeability transition
(MPT) and increased oxidative stress (dichlorodihydrofluorescein fluorescence) (DCFH2). Since
DCFH2 may be oxidized by multiple oxidative mechanisms, we investigated the role of reactive
nitrogen species (RNS) leading to 3-nitrotyrosine in proteins by ELISA and by immunoblots.
Incubation of APAP with hepatocytes for 2 h did not result in toxicity or protein nitration;
however, washing hepatocytes and reincubating in media alone (2–5h) resulted in protein nitration
which correlated with toxicity. Inclusion of the MPT inhibitor, cyclosporine A, in the reincubation
media eliminated toxicity and protein nitration. The general nitric oxide synthase (NOS) inhibitor
L-NMMA and the neuronal NOS (NOS1) inhibitor, 7-nitroindazole, added in the reincubation
media decreased toxicity and protein nitration; however, neither the inducible NOS (NOS2)
inhibitors L-NIL (N6-(1-iminoethyl)-L-lysine) nor SAIT (S-(2-aminoethyl)isothiourea) decreased
protein nitration or toxicity. The RNS scavengers, N-acetylcysteine, and high concentrations of
APAP, added in the reincubation phase decreased toxicity and protein nitration. 7-Nitroindazole
and cyclosporine A inhibited the APAP-induced loss of mitochondrial membrane potential when
added in the reincubation phase. The data indicate a role for RNS in APAP induced toxicity.

Introduction
Acetaminophen (APAP1) is a commonly used analgesic/ antipyretic that produces necrosis
of the liver when taken in overdose (1). Hepatic necrosis occurs as a result of the
metabolism of APAP to the highly reactive metabolite (N-acetyl-p-benzoquinone imine)
(NAPQI) via cytochrome P450 metabolism (2, 3, 4). At therapeutic doses, NAPQI is
detoxified by glutathione; however, in APAP overdose it leads to depletion of glutathione,
covalent binding of NAPQI to proteins, and necrosis of hepatocytes (5). Covalent binding
correlates with toxicity and has been postulated to be the mechanism of cell death. A
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number of proteins have been identified to which APAP binds; however, little is known
about how protein modification leads to liver cell necrosis (1, 6).

We previously reported nitrated tyrosine in necrotic hepatocytes of mice treated with a toxic
dose of APAP (7). The finding that APAP toxicity involved the formation of 3-nitrotyrosine
residues in proteins led to the postulation that toxicity was mediated by a reactive nitrogen
species (RNS) (1, 7). However, understanding the importance of RNS in APAP toxicity has
remained elusive. Since inducible nitric oxide synthase (iNOS; NOS2) is the principal NOS
in hepatocytes, its role in toxicity was investigated. iNOS knockout mice were found to be
equally sensitive to APAP toxicity as the wild type mice which suggested that this enzyme
did not play an important role in toxicity (1, 8). Also, iNOS inhibitors did not alter APAP-
induced toxicity in mice (9). In addition, James et al. investigated the role of the respiratory
burst in APAP toxicity and found that NADPH oxidase knockout mice were equally
sensitive to APAP as the wild type mice and had equal levels of 3-nitrotyrosine, which
suggested that the oxidative stress in APAP toxicity is not from the activation of Kupffer
cells (1).

Previous work has shown that APAP toxicity in freshly isolated mouse hepatocytes occurs
in two phases (10–12). The initial phase (0–2 h) involves the metabolism of APAP,
depletion of glutathione, and covalent binding of NAPQI to proteins as APAP adducts;
however, little toxicity is involved. Toxicity occurs in the second phase (3–5 h) in the
absence of APAP. Our laboratory recently reported that the latter, second phase involves
mitochondrial permeability transition (MPT), a lethal event for the cell, and increased
oxidative stress (13). MPT is an increase in the permeability of the mitochondrial
membranes to molecules of less than 1500 Da and occurs with the loss of mitochondrial
membrane potential and uncoupling of oxidative phosphorylation (14). It occurs as a result
of oxidative stress and leads to a large increase in oxidative stress (15, 16); however, the
biochemical mechanism for this remains unclear. To determine the role of mitochondrial
damage in APAP toxicity, we incubated APAP (1 mM) for 2 h with freshly isolated mouse
hepatocytes, followed by washing to remove APAP and subsequently reincubating in media
alone or with the media containing the potential inhibitor (2–5 h). Toxicity was determined
by ALT release from the hepatocytes into the media and by increased propidium iodide
fluorescence. Cells incubated with APAP showed little toxicity at 2 h, but GSH was
maximally depleted as early as 0.5 h (17). Subsequent incubation in media alone resulted in
a time-dependent increase in toxicity at 3, 4, and 5 h (13). These data confirmed the previous
finding that the toxicity in the reincubation phase was occurring independently of the
presence of APAP (10–12) and indicated a nonmetabolic role in APAP-induced
hepatotoxicity in the second phase. MPT inhibitors (cyclosporine A or trifluoperazine),
when added in the second phase, blocked toxicity as did the antioxidant N-acetylcysteine
(NAC). Confocal microscopy studies utilizing the dyes calcein AM and tetra-
methylrhodamine methyl ester (TMRM) indicated that MPT occurred and was blocked by
cyclosporine A and trifluoperazine (13). The rate of mitochondrial dysfunction in the form
of membrane depolarization was determined utilizing the dye JC-1. The APAP-mediated
mitochondrial membrane depolarization was blocked by cyclosporine A and NAC (13).
Increased oxidative stress was observed using the redox-sensitive fluorometric dye, 2, 7-
dichlorodihydrofluorescein (DCFH2), and was found to be blocked by the MPT inhibitor
cyclosporine A and the antioxidant N-acetylcysteine. In other work, Kon et al. (18) showed
that APAP toxicity occurred with MPT in mouse hepatocytes. Last, we reported that the
hepatotoxicity of chloroform also occurs in two phases. The initial phase occurs with GSH
depletion, and the second phase occurs with MPT and oxidative stress in the absence of
chloroform (19).
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In this article, we have examined a role of RNS in APAP-induced mitochondrial damage
and toxicity in freshly isolated mouse hepatocytes. A potential role for RNS in APAP
toxicity was previously suggested by the occurrence of 3-nitrotyrosine in proteins of
necrotic hepatocytes in the livers of APAP-treated mice (7, 20) and in mitochondria of
APAP-treated hepatocytes (7, 20). Thus, we have measured protein nitration and toxicity in
APAP-treated hepatocytes assayed under various toxicity conditions and compared protein
nitration to toxicity. Also, we have included DCFH2 oxidation data as Supporting
Information. DCFH2 oxidation may occur by RNS but can also occur by other reactive
oxygen intermediates (21, 22).

Experimental Procedures
Chemicals and Suppliers

Acetaminophen (APAP, 4-acetami-dophenol), HEPES (N-[2-hydroxyethyl]piperazine-N’-
[2-ethane-sulfonic acid]), heparin sodium salt grade 1-A from porcine intestinal mucosa,
penicillin G sodium salt, RPMI-1640 modified media with L-glutamine and without sodium
bicarbonate or phenol red, N-acetyl-L-cysteine (NAC), trifluoperazine, NG-methyl-L-arginine
(L-NMMA), Percoll, and trypan blue 0.4% solution were obtained from Sigma Chemical
Co. (St. Louis, MO, USA). L-N6-(1-Iminoethyl)-lysine (L-NIL5), S-(2-aminoethyl)
isothiourea (di-hydrobromide) (SAIT9), and 7-nitroindazole (7-NI) were obtained from
Cayman Chemical Co. (Ann Arbor, MI). Collagenase A from Clostridium histolyticum was
acquired from Roche Laboratories (Nutley, NJ). Cyclosporine A was obtained from Bedford
Laboratories (Bedford, OH). 2′,7′-Dichlorodihydrofluorescein diacetate (DCFH2) and 5,5′,
6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimid-azolylcarbocyanine iodide (JC-1) were
purchased from Molecular Probes (Eugene, OR). All chemicals were of the highest grade
commercially available. ALT (SGPT) colorimetrics was obtained from TECO Diagnostics
(Anaheim, CA). Four to 20% precast protein gels for Western blotting were obtained from
Pierce Biotechnology (Rockford, IL, USA). Hybond-ECL nitrocellulose membranes for
Western blotting were obtained from Amersham Biosciences (Piscataway, NJ, USA). All
chemicals were of the highest grade commercially available.

Animals
Six-week old male B6C3F1 mice were obtained from Harlan Laboratories (Indianapolis, IN,
USA). All animal experimentation and animal protocols were approved by University of
Arkansas for Medical Sciences Animal Care and Use Committee. Animal experiments were
carried out in accordance with the Guide for the Care and Use of Laboratory Animals as
adopted by the U.S. National Institutes of Health. Mice were acclimatized one week prior to
the experiments and fed ad libitum until the time of sacrifice.

Hepatocyte Isolation and Incubations
Freshly isolated hepatocytes were obtained from 25 g male B6C3F1 mice by collagenase
perfusion following a modification of the method of Grewal and Racz (12, 13, 23). Briefly,
for each individual experiment, hepatocytes were isolated from a single mouse as previously
described, followed by centrifugation at 140g for 8 min in a 90% Percoll gradient to purify
the cells, followed by a wash in media, and a 3 min centrifugation at 140g to wash the
Percoll from cells. Preparations yielding >40 million cells and cell viability >90% as
determined by Trypan blue exclusion were used for the experiments. The hepatocytes were
incubated at a concentration of 1,000,000 cells/mL in RPMI-1640 (supplemented with 25
mM HEPES, 10 IU heparin/mL, and 500 IU penicillin G/mL) in 125 mL Erlenmeyer flasks
at 37 °C under an atmosphere of 95% O2–5% CO2. APAP (1 mM), at a concentration
similar to that occurring in animals treated with a toxic dose of APAP, was added to
experimental hepatocytes, but no APAP was added to control flasks. At 2 h following drug
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addition, the hepatocytes were centrifuged for 2 min at 140g, and the supernatants were
discarded. Fresh media were added to the cells, and the procedure was repeated. This
washing of the cells removes greater than 99% of the unbound APAP (10). Following the
final wash, some cells were resuspended in fresh media containing either 1 mM NAC, 10
μM cyclosporine A, 10 μM trifluoperazine, 1 mM L-NMMA, 1 mM L-NIL, 10 μM 7-
nitroindazole, or 1 mM SAIT. The toxicity data were obtained from three to four separate
incubations that were performed on hepatocytes from separate mice on different days.

Toxicity Assays
Toxicity was quantified by the presence of alanine aminotransferase (ALT) in the media
which occurs as a result of lysis from hepatocytes. ALT in the media was determined with a
colorimetric end point method using a commercial kit (TECO Diagnostics, Anaheim, CA).
Briefly, the hepatocytes were separated from the media by centrifugation. ALT substrate (50
μL) was added to each sample of media (10 μL) followed by incubation in a heating bath at
37 °C for 30 min. Subsequently, ALT Color Reagent (50 μL) was added to each sample and
reincubated for 10 min. ALT Color Developer (200 μL) was added to each sample and the
mixture placed in a heating bath for 5 min. The absorbance of samples was determined
spectrophotometrically in a Bio-Rad 550 plate reader at a wavelength of 490 nm and ALT
values determined as described.

Fluorescence Assays
The relative mitochondrial membrane potential was determined by a mitochondrial
membrane specific cationic dye JC-1 (13, 24). JC-1 enters the mitochondria based on high
negative membrane potential. JC-1 emits fluorescence as a monomer at 535 nm or as an
aggregate at 590 nm. The monomer indicates a low membrane potential, whereas the
aggregate indicates a high membrane potential. Briefly, hepatocytes of 2 mL aliquots were
centrifuged at 140g for 2 min and the supernatants discarded. Cells were resuspended with
6.5 μM JC-1 in 3 mL of JC-1 buffer (containing 137 mM NaCl, 3.6 mM KCl, 0.5 mM
MgCl2, 1.8 mM CaCl2, and 10 mM Hepes) and incubated for 25 min at 37 °C in atmosphere
of 95% O2–5% CO2. Following incubation, cells were centrifuged and washed of excess
dye, resuspended in 2 mL of JC-1 buffer, and excited at 490 nm in a Hitachi F-2500
fluorescence spectrophotometer. Membrane potential was determined by using Hitachi
Fluorescence Spectrophotometer FL Solutions software to calculate the area under the curve
of the monomer and aggregate peak, and a 590 nm/535 nm ratio of the peaks was
determined using DataQ-Windaq software (13). Fluorometric assays for oxidative stress
(RNS and ROS) presented as Supporting Information were performed using the dye 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH2-DA) as previously described using a Hitachi
F-2500 fluorescence spectrophotometer (13).

Western Blot Analyses
Nitrotyrosine was determined using SDS-PAGE (40 μg protein/lane). Proteins from 4–20%
precast gels were transferred onto nitrocellulose membranes at 150 V for 1 h and blocked for
48 h in blocking buffer (5% milk, TBS, 135 mL water, and 0.1% Tween-20). The blocked
immunoblots were incubated with 1:500 antinitrotyrosine antibody for2h(25). Bound
primary antibody was detected by treatment with 1:4000 HRP-conjugated antirabbit for 1 h
followed by exposure of the membranes to a SuperSignal chemiluminescent substrate
reagent. The relative amount of nitrated proteins in the blots were determined by
densitometric analysis of each entire lane.
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Nitrotyrosine ELISA
Nitrotyrosine was also measured using a commercial ELISA kit and performed as described
by Upstate Cell Signaling Solutions (Charlottesville, VA, USA). Nitrotyrosine was detected
by reading streptavidin peroxidase absorbencies at 450 nm indicative of nitrotyrosine levels
present.

Statistical Analyses
Analysis of variance was performed with a Tukey post-hoc test using the SPSS 9.0 program.
Statistical significance was defined as experimental being p < 0.05 from the control.

Results
Protein Nitration in APAP Toxicity

To determine the potential role of RNS in APAP toxicity, freshly isolated mouse
hepatocytes were incubated with APAP (1 mM). At 2 h, the hepatocytes were washed and
subsequently incubated with media alone. At 5 h, incubations were stopped and proteins
assayed by Western blot analysis for 3-nitrotyrosine. Figure 1 shows the presence of nitrated
proteins at5hin APAP-treated hepatocytes compared to those of the control. Control
hepatocytes were not incubated with APAP but otherwise treated identically. Each lane
contains hepatocyte proteins from a separate incubation obtained from a separate mouse.

A time course for increasing levels of 3-nitrotyrosine in APAP-treated hepatocytes and
control hepatocytes was performed by ELISA. There was a linear increase in protein
nitration from 2 to5hin APAP-treated hepatocytes (Figure 2), and the relative increase in
nitration correlated with the relative increase in APAP toxicity (Figure 3). Control
incubations did not show significant protein nitration (Figure 2) or toxicity (Figure 3).

Further experiments (Supporting Information) were carried out to assess the extent of RNS
using the oxidation of 2′,7′-dichlorodihydrofluorescein (DCFH2), which can occur by
peroxynitrite as well as other oxidants (21, 22). Figure 1S (Supporting Information) shows
that there was a significant increase in DCFH2 oxidation in APAP-treated hepatocytes when
compared to that of the control hepatocytes. The increases in DCFH2 oxidation correlated
with the relative increases in APAP-induced toxicity and with the relative protein nitration.

Effect of MPT Inhibitors on APAP Toxicity and Protein Nitration
We previously reported that the addition of the MPT inhibitors, cyclosporine A and
trifluoperazine, inhibited toxicity (13). To determine whether the MPT inhibitor,
cyclosporine A, inhibits protein nitration, the experiment was repeated. Consistent with the
previous data, both cyclosporine A (10 μM) and trifluoperazine (10 μM) were found to
inhibit APAP toxicity (ALT release into the media, Figure 3). Cyclosporine A (CSP)
inhibited protein nitration as determined by ELISA (Figure 2) and by Western blot analysis.
Table 1 compares the percent decrease between 2 and 5h in APAP-induced toxicity and
protein nitration (determined by ELISA and by Western blot). In addition, Supporting
Information (Figure 1S) shows that APAP-mediated increase in DCFH2 oxidation was
inhibited by cyclosporine A and by trifluoperazine. These data are summarized in Table 1.

Effect of NOS Inhibitors on APAP Toxicity and Protein Nitration
Since nitric oxide or its metabolites contribute to RNS, we evaluated the effects of nitric
oxide synthase (NOS) inhibitors on APAP-mediated toxicity. Two inducible NOS (iNOS;
NOS2) inhibitors (L-NIL and SAIT) were used, one nonspecific NOS inhibitor (L-NMMA)
and one neuronal NOS (nNOS; NOS1) inhibitor (7-nitroindazole). When added in the
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reincubation phase, both L-NMMA and 7-nitroindazole decreased toxicity (Figure 4A) and
protein nitration (Figure 2 and Table 1). However, neither of the iNOS inhibitors, L-NIL nor
SAIT, showed protection against APAP toxicity (Figure 4B). Control cells showed no
significant increases in toxicity. The iNOS inhibitor SAIT did not significantly alter protein
nitration (Figure 2). In Supporting Information (Figure 2S), we show that the iNOS
inhibitors had no effect on DCFH2 oxidation, whereas L-NMMA and 7-nitroindazole both
inhibited DCFH2 oxidation suggesting a role for nitric oxide in the observed DCFH2
oxidation.

Effect of Scavengers of Reactive Nitrogen Species on APAP Toxicity and Protein Nitration
The effect of the RNS scavengers N-acetylcysteine (NAC) and APAP on toxicity and
protein nitration was also evaluated. In these experiments, APAP (1 mM) was incubated
with hepatocytes, washed for 2 h, and subsequently reincubated with media containing N-
acetylcysteine (NAC) (1 mM) or APAP (50 mM). N-Acetylcysteine was previously reported
to inhibit DCFH2 oxidation (13). N-Acetylcysteine inhibited protein nitration (Figure 2 and
Table 1). APAP, a phenol-like tyrosine, has also been reported to react with the RNS
peroxynitrite (26, 27). Thus, APAP (50 mM) was found to decrease toxicity (Figure 5) and
protein nitration (Figure 2 and Table 1). In Supporting Information, it is shown that NAC
and APAP (50 mM) also inhibited DCFH2 oxidation (Figure 3S). In other data not shown,
APAP (1, 10, and 50 mM) was added after the initial 1 mM APAP incubations at 2 h.
Addition of 1 mM, 10 mM, and 50 mM APAP at 2 h decreased toxicity at5hby14% (not
significant), 60% (significant), and 73% (significant), respectively. DCFH2 oxidation was
decreased by 24% (not significant), 61% (significant), and 75% (significant), respectively
(data not shown), at 5 h. Toxicity and DCFH2 oxidation were not significantly different
between incubations where 1 mM APAP was maintained for 5 h (no wash) compared to
incubations which were incubated with APAP for 2 h and subsequently washed and then
incubated in media alone to 5 h (data not shown).

Effect of NOS1 Inhibitors on APAP-Induced Loss of Mitochondrial Membrane Potential
We previously reported that APAP toxicity occurred with MPT. Since MPT occurs with the
loss of mitochondrial membrane potential, the effect of NOS inhibition on APAP-induced
loss of mitochondrial membrane potential was determined utilizing the dye JC-1. The loss of
mitochondrial membrane potential was blocked with the addition of the MPT inhibitor
cyclosporine A (Figure 6) as previously reported (13). Figure 6 also shows that the nNOS
inhibitor, 7-nitroindazole (7-NI), inhibited the APAP-induced loss of mitochondrial
membrane potential as effectively as the MPT inhibitor cyclosporine A (CSP).

Discussion
The primary objective of this study was to better characterize the role that RNS have in
APAP-induced toxicity using freshly isolated mouse hepatocytes. Protein nitration was used
as a biomarker of RNS production. In mice, we previously observed nitrated proteins in the
centrilobular hepatocytes which were undergoing necrotic damage (7). In freshly isolated
hepatocytes, we previously observed that APAP-induced toxicity occurred with increased
fluorescence of the oxidant-sensitive dye DCFH2, which is indicative of increased RNS
(13). Cover et al. observed nitrated protein in hepatic mitochondria of APAP treated mice
(20). These data suggested a role for RNS in APAP toxicity. Thus, in freshly isolated
hepatocytes, we determined the relationship between the nitration of proteins and toxicity
under conditions where RNS formation was modulated.

Western blot analysis (Figure 1) and ELISA for 3-nitrotyrosine in proteins (Figure 2)
showed significant levels of protein nitration at 2-5 h after APAP exposure. A time-
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dependent increase in nitration was observed (Figure 2), and the relative rate correlated with
the relative increase in the development of toxicity (Figure 3). These data suggest a role for
RNS in APAP toxicity in the isolated hepatocytes. We also obtained oxidation data utilizing
the dye DCFH2. RNS readily oxidize DCFH2; however, DCFH2 oxidation may also occur
by a number of other reactive species such as peroxide/peroxidase reactions, hypochlorous
acid, or by Fenton oxidation (21, 22). Since DCFH2 oxidation is not specific for RNS, these
data are included as Supporting Information; however, a noteworthy correlation between
DCFH2 oxidation and nitration was evident.

The effect of the NOS inhibitors on APAP-induced toxicity and nitration was very
revealing. Even though the presence of iNOS in hepatocytes is well described (28), the
iNOS inhibitors L-NIL or SAIT did not alter toxicity (Figure 4C) or nitration (Figure 2 and
Table 1). These data are consistent with the previous in vivo findings that APAP toxicity is
the same in wild type and iNOS knockout mice (8, 29). Even though the iNOS inhibitors did
not inhibit toxicity, the nonspecific NOS inhibitor L-NMMA decreased toxicity (Figure 4A)
and protein nitration (Table 1). Moreover, the nNOS inhibitor 7-nitroindazole decreased
toxicity (Figure 4A) and protein nitration significantly at 5 h (Figure 2). Thus, these data
suggest that a NOS isoform other than iNOS is important in APAP toxicity. 7-Nitroindazole
has been used extensively as a selective nNOS inhibitor (30). In vivo, it does appear to be
selective for nNOS, but in vitro, it has been reported to be an inhibitor of endothelial nitric
oxide synthase (eNOS; NOS3) (31). However, the presence of nNOS and eNOS in
hepatocytes is controversial. nNOS has been reported to be present in hepatic mitochondria,
which would be consistent with it having a role in mitochondrial toxicity (32, 33); however,
its presence in mitochondria has been questioned (34). McMillan utilized immunoblot
assays and did not find eNOS in rat hepatocytes (35); however, McNaughton et al. reported
that eNOS was present in human hepatocytes (36). Thus, the specific NOS isoform
important in APAP toxicity will require further investigation. However, to understand the
role of RNS in APAP toxicity, the important factor to note is that two nitric oxide synthase
inhibitors inhibited toxicity, protein nitration. and DCFH2 oxidation. These data strongly
suggest that APAP toxicity is mediated via a mechanism involving a nitric oxide-mediated
production of RNS.

Several studies suggest the involvement of mitochondrial dysfunction in APAP toxicity (13,
18, 37, 38). Mitochondrial dysfunction, in the form of MPT, can be induced by oxidative
stress or Ca2+ (15, 16). MPT has been shown to be an important factor involved in many
toxicities. MPT-induced cell necrosis occurs with mitochondrial swelling, loss of
mitochondrial membrane potential, decreased oxidative phosphorylation, ATP depletion,
and cell death (15, 16). When the MPT inhibitor, cyclosporine A was added in the
reincubation phase, not only was toxicity decreased (Figure 3) but also protein nitration
(Figure 2; Table 1) was decreased. An alternative MPT inhibitor, trifluoperazine, also
decreased toxicity (Figure 3). Both MPT inhibitors decreased DCFH2 oxidation (Figure 1S,
Supporting Information). Moreover, the nNOS inhibitor 7-nitroindazole was as effective at
inhibiting the APAP-induced loss of mitochondrial membrane potential as the MPT inhibitor
cyclosporine A (Figure 6).

To further investigate the role of RNS in APAP toxicity in hepatocytes, the effect of the
scavengers N-acetylcysteine and APAP were investigated. N-Acetylcysteine, a thiol, is a
very efficient RNS scavenger (39) but is a nonspecific antioxidant that can be converted to
GSH. N-Acetylcysteine is the antidote used to treat APAP overdose in humans. The
antidotal mechanism is believed to be more efficient detoxification of the reactive
metabolite NAPQI or detoxification of S-thiolated NAPQI (1, 40). In the present study, N-
acetylcysteine, when added in the reincubation phase, decreased toxicity (Figure 5) and
protein nitration (Figure 2 and Table 1). Thus, detoxification of RNS by N-acetylcysteine
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may be another mechanism to explain the antidotal properties of N-acetylcysteine in APAP
overdose. Also, since APAP is a phenol, its effect on toxicity was determined when added to
the hepatocytes after the initial 2 h incubation with 1 mM APAP. Thus, the addition of
APAP (50 mM) at 2 h, decreased subsequent toxicity and protein nitration (Figures 2 and 5).
These data are consistent with the previous reports that APAP is a RNS scavenger (26, 27).
Lakshmi et al. (28) showed that RNS reacts with APAP to form 3-nitroAPAP; however,
APAP may scavenge RNS by the reduction of nitrating radicals. Moreover, the decrease in
toxicity and DCFH2 oxidation by the addition of various concentrations of APAP after the 2
h wash indicated that the decrease was concentration-dependent.

The RNS that are important in the nitration of tyrosine in proteins with APAP toxicity are
unclear. It has been previously postulated to be peroxynitrite (7). Peroxynitrite is formed by
the very rapid reaction of superoxide and nitric oxide (NO) (41). However, other
mechanisms of nitration have been described. Nitration of tyrosine can be achieved by the
incubation of myeloperoxidase or horseradish peroxidase with hydrogen peroxide and
sodium nitrite (42). While neither of these enzymes is present in hepatocytes, it cannot be
ruled out that another peroxidase is active in hepatocytes. Also, heme iron catalyzes the
nitration of tyrosine residues by using hydrogen peroxide and nitrite (43). However, it
should be pointed out that the nitrate or peroxide concentrations at 2 h would be very low
since the hepatocytes were washed at that time. Relative to the RNS, the nitrite radical has
been suggested as an important nitrating intermediate formed both by the peroxidation of
nitrite (43) and from peroxynitrite (44).

In conclusion, the data presented in this article suggest that increased RNS and
mitochondrial damage play a pivotal role in APAP toxicity in mouse hepatocytes.
Importantly, it appears that both MPT inhibitors and NOS1 inhibitors block RNS
production, mitochondrial damage, and toxicity. These data suggest an important role for
RNS in APAP-induced mitochondrial damage and toxicity. The data are consistent with the
hypothesis that RNS causes mitochondrial damage and that mitochondrial damage induces
additional RNS (Figure 7). However, the mechanism of RNS production and how RNS
produces mitochondrial damage leading to toxicity will require further research.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Western blot analysis for nitrotyrosine in proteins of APAP-treated hepatocytes. Freshly
isolated mouse hepatocytes were incubated with APAP (1 mM) as described in
Experimental Procedures. Controls were incubated with media alone. At 5 h, incubations
were terminated, and 3-nitrotyrosine levels (protein nitration) were determined using
Western blot analysis as described in Experimental Procedures. Each lane contains protein
from a separate incubation performed on hepatocytes obtained from a separate mouse.
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Figure 2.
ELISA determination for nitrotyrosine in proteins of APAP-treated hepatocytes: time course
and effect of various inhibitors of toxicity. Freshly isolated mouse hepatocytes were
incubated with media alone or with APAP (1 mM) for 2 h. Subsequently, hepatocytes were
washed to remove APAP (arrow) and incubated with media. To some incubations,
cyclosporine A (10 μM) (CSP), N-acetylcysteine (1 mM) (NAC), SAIT (1 mM), or 7-
nitroindazole (10 μM) (N7) was added to the pretreated cells for the remaining5hof
incubation. Control cells were reincubated with media alone. At the indicated time, aliquots
were taken, and 3-nitrotyrosine was analyzed using a commercial ELISA kit. Samples (n = 3
from separate mice) which significantly increased from the 2 h wash are indicated by * (p ≤
0.05).

Burke et al. Page 13

Chem Res Toxicol. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Effect of MPT inhibitors on APAP-induced toxicity in freshly isolated hepatocytes.
Hepatocytes were incubated with APAP (1 mM). Subsequently, hepatocytes were washed to
remove APAP (arrow) and incubated in media alone (▼), media containing cyclosporine A
(10 μM) (CSP) (■), or media containing trifluoperazine (10 μM) (TFP) (◆) for 2–5 h.
Control hepatocytes were incubated with media alone for 2 h, washed, and subsequently
incubated with media alone for 2–5 h (●). Time points were taken, and relative toxicity was
measured using ALT release. Samples which significantly increased from the 2 h wash are
indicated by * (p ≤ 0.05). Samples (n = 3 from separate mice) which are significantly
decreased from APAP alone at the same time point are designated by †† (* (p ≤ 0.05).
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Figure 4.
Effect of NOS inhibitors on APAP-induced toxicity in freshly isolated hepatocytes.
Hepatocytes were incubated with APAP (1 mM) for 2 h, washed to remove APAP (arrow),
and subsequently incubated in media alone (2–5 h) (▼). Control hepatocytes were incubated
in media alone for 2 h, washed, and subsequently incubated in media alone (2–5 h) (●).
Following washing to remove APAP, some hepatocytes (A) were incubated with the general
NOS inhibitor L-NMMA (1 mM) (◆) or the nNOS inhibitor 7-nitroindazole (10 μM) (■)
(2–5 h). Following washing to remove APAP, other hepatocytes (B) were incubated with the
iNOS inhibitors L-NIL (1 mM) (■) or SAIT (1 mM) (◆) (2–5 h). Aliquots were taken and
toxicity determined by ALT release. Samples (n = 3 from separate mice) which significantly
increased from the same 2 h incubation are indicated by * (p ≤ 0.05).
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Figure 5.
Effect of scavengers of reactive nitrogen species on APAP-induced APAP toxicity in freshly
isolated hepatocytes. Hepatocytes were incubated with APAP (1 mM) for 2 h, washed to
remove APAP (arrow), and subsequently incubated in media alone (2–5h) (▼). Control
hepatocytes were incubated in media alone for 2 h, washed, and subsequently incubated in
media alone (2–5h) (●). Following washing to remove APAP, some hepatocytes were
incubated with the RNS scavengers N-acetylcysteine (1 mM) (■) or acetaminophen (50
mM) (◆) (2–5 h). Aliquots were taken and toxicity determined by ALT release. Samples (n
= 3 from separate mice) which significantly increased from the same 2 h incubation are
indicated by * (p ≤ 0.05).
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Figure 6.
Effect of NOS1 inhibitor on APAP-induced loss of mitochondrial membrane potential in
freshly isolated hepatocytes. Hepatocytes were incubated with APAP (1 mM) or media
alone for 2 h. Subsequently, hepatocytes were washed to remove APAP (arrow) and
incubated in media alone (▼), media containing cyclosporine A (10 μM) (diamond), or
media containing 7-nitroindazole (7-NI) (10 μM) (square). The control was incubated with
media alone, washed for 2 h, and subsequently incubated with media alone (●). At the
designated time mitochondrial membrane potential was determined using JC-1 as described
in Experimental Procedures. *Significantly different from APAP treated at 2 h (hepatocytes
from separate mice, n = 3, p < 0.05). †Significantly different from APAP-treated mice
(hepatocytes from separate mice, n = 3, p ≤ 0.05).
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Figure 7.
Postulated mechanism of acetaminophen toxicity. It is postulated that mitochondrial damage
is a result of RNS and leads to additional RNS which causes additional mitochondrial
damage.
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