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Abstract
It is well-established that following a toxic dose of acetaminophen (APAP), nitrotyrosine protein
adducts (3-NT), a hallmark of peroxynitrite production, were colocalized with necrotic hepatic
centrilobular regions where cytochrome P450 2E1 (CYP2E1) is highly expressed, suggesting that 3-
NT formation may be essential in APAP-mediated toxicity. This study was aimed at investigating
the relationship between CYP2E1 and nitration (3-NT formation) followed by ubiquitin-mediated
degradation of proteins in wild-type and Cyp2e1-null mice exposed to APAP (200 and 400 mg/kg)
for 4 and 24 h. Markedly increased centrilobular liver necrosis and 3-NT formation were only
observed in APAP-exposed wild-type mice in a dose- and time-dependent manner, confirming an
important role for CYP2E1 in APAP biotransformation and toxicity. However, the pattern of 3-NT
protein adducts, not accompanied by concurrent activation of nitric oxide synthase (NOS), was
similar to that of protein ubiquitination. Immunoblot analysis further revealed that
immunoprecipitated nitrated proteins were ubiquitinated in APAP-exposed wild-type mice,
confirming the fact that nitrated proteins are more susceptible than the native proteins for ubiquitin-
dependent degradation, resulting in shorter half-lives. For instance, cytosolic superoxide dismutase
(SOD1) levels were clearly decreased and immunoprecipitated SOD1 was nitrated and ubiquitinated,
likely leading to its accelerated degradation in APAP-exposed wild-type mice. These data suggest
that CYP2E1 appears to play a key role in 3-NT formation, protein degradation, and liver damage,
which is independent of NOS, and that decreased levels of many proteins in the wild-type mice
(compared with Cyp2e1-null mice) likely contribute to APAP-related toxicity.
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1. Introduction
Acetaminophen (APAP) is a commonly used analgesic/antipyretic drug which can cause
hepatoxicity in cases of high overdose, and in severe cases, centrilobular necrosis [1] and acute
liver failure [2,3]. It is well-established that the toxicity of APAP is initiated by the formation
of the reactive electrophile, N-acetyl-p-benzoquinone imine (NAPQI), through a cytochrome
P450-mediated reaction, causing covalent binding to proteins, depletion of glutathione, and
massive apoptosis and necrosis of liver cells [4,5]. Despite the remarkable correlation between
the covalent binding of NAPQI to proteins and APAP-related liver damage [6,7], none of the
proteins identified that form adducts with NAPQI was inactivated to an extent sufficient to
cause the massive liver necrosis mediated by APAP, and thus the mechanism(s) through which
APAP induces hepatic necrosis is still not clear [8-11].

Peroxynitrite, which is formed by a reaction between superoxide and nitric oxide (NO) and
can damage protein, DNA, and lipids [12], has been suggested as a critical mediator of APAP-
related organ toxicity based on strong immunohistochemical staining of the 3-nitrotyrosine (3-
NT) adducts in the centrilobular necrotic areas following APAP treatment [11,13]. However,
previous studies using either inducible nitric oxide synthase (iNOS)-null mice treated with
APAP or iNOS inhibitors yielded opposing results with respect to the role of iNOS in the
development of liver necrosis, thus raising the possibility that iNOS may not be the only source
for NO in APAP toxicity [14]. The role of 3-NT, however, in mediating APAP liver necrosis
was further supported by data from the delayed treatment with glutathione (GSH) after APAP
treatment, which prevents nitrotyrosine staining and attenuates liver injury despite the
persistence of oxidative stress in the mitochondria [15].

Many cytochrome P450 enzymes are involved in APAP metabolism. The P450 enzymes
include cytochrome (CYP) 1A2, CYP2A6, CYP3A, and CYP2E1, the latter of which is
considered the main enzyme responsible for the bioactivation of APAP as evident by enzyme
kinetics and properties of APAP intoxication [16,17]. Furthermore, Cyp2e1-null mice were
highly resistant to toxic doses of APAP [18]. When human CYP2E1 gene was reintroduced
into Cyp2e1-null mice (humanized CYP2E1 transgenic mice), APAP-mediated hepatotoxicity
was restored [19]. CYP2E1, compared to other P450 enzymes, exhibits a higher NADPH
oxidase activity, resulting in increased production of hydrogen peroxide (H2O2), hydroxyl
radical, as well as superoxide [20,21], which may play a role in peroxynitrite formation through
reaction with nitric oxide, albeit low levels. However, this possibility (i.e., the role of CYP2E1
in peroxynitrite and 3-NT formation) was not evaluated systematically. Thus, using Cyp2e1-
null mice as a negative control in APAP-mediated liver necrosis protocol would be of great
advantage in characterizing the potential role of CYP2E1 in nitrotyrosine production and the
implication of 3-NT in APAP-mediated liver necrosis. Surprisingly, pharmacokinetics and
metabolite profiling studies of urine and serum from wild-type and Cyp2e1-null mice exposed
to different doses of APAP revealed that the differences in the generation of NAPQI, thiol
conjugates, and detoxification products became minimal when higher doses of APAP were
administered despite the dramatic differences in liver damage where Cyp2e1-null mice seem
to be totally protected [22,23]. Furthermore, NAPQI protein adducts were still observed when
hepatotoxicity was prevented by pretreatment with gadolinium chloride [24]. These studies
further support the notion that NAPQI production may not be the main cause of APAP-induced
liver necrosis and that CYP2E1 in higher doses may have a limited role in the formation of
NAPQI [22].

It is thus reasonable to hypothesize that CYP2E1 may play a central role in APAP-mediated
liver damage through other mechanism(s), such as oxidative/nitrative stress formation, based
on its ability to form oxidative radicals. The main aim of this study was to evaluate whether
CYP2E1 is involved in the development of protein nitration following exposure to toxic doses

Abdelmegeed et al. Page 2

Biochem Pharmacol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of APAP in Cyp2e1-null mice compared with wild-type mice. We also evaluated the rates of
protein ubiquitination following APAP treatment, since nitrated proteins are degraded by
proteasomes as a part of cell defense against toxicity [25,26]. Finally, the role of lipid
peroxidation in APAP-mediated hepatoxicity in both WT and Cyp2e1-null mice was re-
evaluated since lipid peroxidation was suggested to play a role in mediating liver toxicity in
iNOS-null mice [27].

2. Materials and methods)
2.1. Materials

APAP, 3-[(3-cholamidopropyl)-1-dimethylammonio]-propanesulfonic acid (CHAPS),
dithiothreitol (DTT), iodoacetamide, primary antibody for β-actin, and all other chemicals used
in this study were obtained from Sigma Chemical (St. Louis, MO), unless indicated otherwise.
Protease inhibitor and phosphatase inhibitor cocktails were obtained from Calbiochem (San
Diego, CA). Horseradish peroxidase-conjugated goat anti-rabbit and goat anti-mouse
antibodies were purchased from Bio-Rad (Hercules, CA). Specific antibodies to 3-NT,
cytosolic superoxide dismutase 1 (SOD1), and ubiquitin were from Cell Signaling Technology,
Inc. (Boston, MA). Horseradish peroxidase-conjugated Protein A/G agarose beads were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Enhanced chemiluminescence
reagents were obtained from Thermo Scientific (Rockford, IL).

2.2. Animals
Age- and gender-matched (n=4) inbred Cyp2e1-null mice on a 129/Svj background [18] and
wild-type mice were used in this study. All mice were housed in a temperature-controlled room
(23-25 °C) on a 12 h light/12 h dark cycle at the National Cancer Institute, National Institutes
of Health, and were fed standard rodent chow ad libitum. Handling and treatment procedures
were in accordance with the animal study protocol approved by the NCI Animal Care and Use
Committee.

2.3. Animal treatment and histopathology analysis
All experiments were performed with 2- to 3-month-old female mice (200 mg/kg) or male mice
(400 mg/kg). APAP was dissolved in warm isotonic saline solution and administered by
intraperitoneal injection to female or male mice for 4 or 24 h as reported [22,23]. Control mice
were treated with sterile saline solution. The whole liver was harvested immediately at the
indicated time points and a small liver section from the largest lobe of each mouse was fixed
in 10% formalin in PBS and subjected to hematoxylin and eosin (H&E) staining by American
HistoLabs, Inc. (Gaithersburg, MD). Histological examination was performed under a light
microscope (200x). The rest of the liver samples were frozen immediately at −80 °C until use.

2.4. Sample preparation and Immunoblot (IB) analysis
Cytosolic fractions were prepared from pooled mouse livers from different groups (n=4 per
group) by using differential centrifugation followed by two separate washing steps, as
described [28]. The buffer used in this study was freshly pre-equilibrated with nitrogen gas for
1 h to remove dissolved oxygen [29]. Cytosolic proteins (10-40 μg) were separated by 12 or
15% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically
transferred to nitrocellulose membranes. Upon completion of electrophoretic transfer of the
proteins, membranes were blocked for 1 h in 5% milk powder in Tris-HCl buffered saline
containing 0.01% Tween 20 (TBS-T). Membranes were then probed with specific primary
antibodies (1:1,000 dilution) for 3-NT, ubiquitin, SOD1, or β-actin (usually 1:2,000 dilution
in 5% milk powder in TBS-T) and incubated overnight at 4 °C. After the washing steps to
remove the primary antibodies, the membranes were either incubated with goat anti-mouse
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(anti-3-NT and β-actin detection) or goat anti-rabbit (anti-ubiquitin, anti-SOD1) horseradish
peroxidase-conjugated secondary antibody (1:5,000 dilution in 5% milk powder in TBS-T).
Protein bands were detected by enhanced chemiluminescence with Kodak X-OMAT film and
their densities quantified using UN-SCAN-IT gel version 6.1 from Silk Scientific Corporation
(Orem, UTAH) [30]. Band densities of the target proteins in each figure, when appropriate,
were normalized to those of the corresponding β-actin band and the relative ratios between the
target protein bands and the corresponding β-actin bands of APAP-treated samples and control
(set at 1) were described in the top of each figure.

2.5. 2D-PAGE and immunoblot analysis for nitrotyrosine detection
Two-dimensional gel electrophoresis was performed with the IPGphor/IsoDalt systems from
Amersham Biosciences (Pittsburgh, PA) as previously described [31], using 300 μg liver
cytosolic proteins pooled from 4 mice per group. For the first dimension electrophoresis, IEF
was performed with the IPGphor system using nonlinear pH 3–10 immobilized pH gradient
strips (13 cm) and a programmed voltage gradient. Following the first dimension IEF, the strips
were incubated in 15 ml of reducing solution (50 mM Tris-HCl, pH 8.8, 6 M urea, 1% DTT,
30% glycerol, 2% SDS) for 15 min at room temperature and then in 10 ml of alkylation solution
(50 mM Tris-HCl, pH 8.8, 6 M urea, 1% iodoacetamide, 30% glycerol, 2% SDS) for 15 min
at room temperature. For the second dimension electrophoresis, the immobilized pH gradient
strips were sealed in 0.5% (w/v) agarose on the top of 12% SDS-PAGE. Immunoblotting was
performed with or without pre-incubating the membrane-bound proteins with 10 mM sodium
dithionite in 50 mM pyridine-acetate buffer, pH 5.0, for 1 h at room temperature to reduce
nitrotyrosine to aminotyrosine [31]. Membranes were blocked for 1 h in 5% milk powder in
0.01% TBS-T and probed with specific primary antibodies (1:1,000 dilution) to 3-NT as
described above. Specific 3-NT protein spots should not be detected following the treatment
with sodium dithionite and hence the specificity of the 3-NT spots could be confirmed.

2.6. Immunoprecipitation and immunoblot analyses
The immunoprecipitation was performed as described [32]. A separate aliquot of liver cytosolic
proteins pooled from 4 mouse livers per group (1 mg protein) was incubated with 3 μg anti-3NT
or 3 μg of anti-SOD1 antibody overnight at 4 °C with constant head-to-tail rotation followed
by addition of protein A/G-agarose for another 1 h. Proteins bound to the protein A/G-agarose
were washed 4 times with PBS containing 1% CHAPS to remove nonspecifically bound
proteins. After centrifugation, agarose-bound proteins were dissolved in Laemmli buffer and
separated on 15% SDS-PAGE gels for immunoblot analysis using the specific antibody against
ubiquitin for the immunoprecipitated 3-NT proteins (Fig. 5) or with the specific antibody
against 3-NT, ubiquitin, or SOD1 for the immunoprecipitated SOD1 (Fig. 6).

2.7. Determination of NOS activity
NOS activity (50 μg cytosolic proteins) was determined using the commercially available kit
from Oxford Biomedical research Inc. (Oxford, MI) by following the manufacturer's
instruction. One unit of NOS activity was defined as the amount of NO (nM) produced per 1
mg (milligram) protein/min.

2.8. Determination of SOD activity
The enzyme activity of SOD (250 μg of liver cytosolic proteins) was measured using the
commercial kit from Calbiochem (San Diego, CA) by following the manufacturer's protocol.
One unit of SOD enzyme activity corresponds to the amount of enzyme needed to exhibit 50%
dismutation of the superoxide radical.
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2.9. Determination of MDA concentrations
The amounts of MDA were measured using the commercially available kit from Oxford
Biomedical research Inc. (Oxford, MI) following the manufacturer's protocol. MDA
concentration (μM) in each sample was measured with using 20 μg liver cytosol proteins.

2.10. Data processing
All data were obtained with at least two or four separate experiments and three different
measurements for enzyme activities. Data are presented as mean ± S.E.M. Other materials and
methods not described here were the same as before [29,30,32,33].

3. Results
3.1. Differential effects of APAP on liver necrosis in wild-type and Cyp2e1-null mice

We have previously shown that APAP (200 and 400 mg/kg) caused a significant increase of
serum ALT and AST levels in wild-type, but not in Cyp2e1-null mice [22,23], implying that
hepatic injury occurred only in wild-type mice. Consistent with these reports, histological
analyses revealed that hepatic necrosis, mainly observed in centrilobular regions, was slightly
increased in wild-type mice treated with 200 mg/kg for 4 h, and necrosis was markedly
increased following 24 h treatment, compared with the controls (Fig. 1A-C). In contrast,
Cyp2e1-null mice were unaffected in response to 200 mg/kg APAP for 4 or 24 h, compared
with their saline-treated control (Fig. 1D-F). The increase in liver necrosis was more prominent
with a higher dose of APAP (400 mg/kg) in wild-type mice as evident by the remarkable
increase in necrosis detected following 4 and 24 h treatment, where necrosis was massive,
compared with their saline control (Fig. 1G-I). Similar to the response to 200 mg/kg APAP,
liver necrosis could not be detected in Cyp2e1-null mice even at 400 mg/kg APAP exposed
for 4 h and 24 h (Fig. 1J-L). Together, these data underscore the importance of CYP2E1 in
mediating liver toxicity in response to APAP at the doses used in this study.

3.2. Increased 3-NT formation on wild-type mice subjected to APAP treatment
Peroxynitrite and formation of 3-NT adducts have recently gained much interest as potential
new markers of APAP hepatotoxicity since 3-NT formation was predominantly observed in
the centrilobular regions which correspond to the necrotic areas following APAP treatment
[11,13]. Our previous data suggested that the development of oxidative stress in wild-type mice
treated with 400 mg/kg APAP was prolonged as evident by the persistent elevation of H2O2
for 24 h and the delayed restoration of GSH levels, compared with Cyp2e1-null mice treated
with the same dose of APAP [22,23], suggesting a critical role for CYP2E1 in the induction
of this oxidative/nitrative stress. Since CYP2E1 is predominantly expressed in the centrilobular
areas where 3-NT formation and necrosis occur, we evaluated the levels of 3-NT formation in
both wild-type mice and Cyp2e1-null mice treated with toxic doses of APAP (Fig. 2). Protein
nitration was slightly increased (by ~1.4-fold) in wild-type mice treated with 200 mg/kg for 4
h, and markedly increased (by 2.2-fold) when treated for 24 h, compared with their control
(Fig. 2A, lanes 1-3). In contrast, there was little change in the 3-NT levels in Cyp2e1-null mice
treated with 200 mg/kg APAP for 4 or 24 h compared with their control (Fig. 2A, lanes 4-6).
The increased 3-NT formation was also more prominent in wild-type mice treated with 400
mg/kg APAP since 3-NT levels were increased by ~2.0 and 2.3-fold at 4 and 24 h, respectively,
following APAP treatment, compared with their control (Fig. 2B, lanes 1-3). The 3-NT level
was slightly increased (~1.3-fold) in Cyp2e1-null mice treated with 400 mg/kg for 4 and 24 h,
compared with their controls (Fig. 2B, lanes 4-6). The marked increase in the 3-NT levels in
APAP-exposed wild-type mice, however, was not accompanied by the concurrent activation
of NOS. In fact, the total NOS activity levels were decreased in APAP-exposed wild-type by
~21% and 25% and by ~10% and 16% in Cyp2e1-null mice for 4 and 24 h, respectively,
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compared with their controls (Fig. 2C), similar to the earlier results [11]. Taken together, these
data suggest that the formation of 3-NT protein adducts produced after APAP exposure is
dependent on CYP2E1 but independent from NOS activity level under our experimental
conditions.

To ensure the specificity of the antibody used to detect 3-NT adduct formation and to better
show the molecular weight distribution of nitrated proteins in wild-type mice treated with
APAP (400 mg/kg) for 4 h, we used the previously described method [31] of 2-D gel
electrophoresis followed by immunoblot analysis for the immunoreactivity of 3-NT before and
after the conversion of nitrated proteins with dithionite (from nitrotyrosine to aminotyrosine)
(Fig. 3). Only a few proteins were nitrated in saline-treated tissues (Fig. 3A). However, the
number and intensity of nitrated proteins detected by the anti-3-NT antibody were markedly
increased after APAP exposure (Fig. 3B). Without dithionite treatment, the antibody to 3-NT
recognized immunoreactive proteins with the apparent molecular weights of ~250, 150, 100,
60, 50, 37, and 25 kDa (arrows in Fig. 3B), with the strongest bands at around ~60, 50 and 25
kDa (Fig. 3B). After dithionite treatment, these proteins were not detected by the same antibody
(Fig. 3C). These data confirm the specificity of the nitrotyrosine immunoreactivity and further
support the results in Fig. 2.

3.3. Increased ubiquitination of nitrated proteins in wild-type mice exposed to APAP
Protein ubiquitination is a vital pathway in maintaining cellular homeostasis through
degradation of the improperly folded and/or damaged proteins [34,35]. It is well-established
that nitrated proteins are degraded as part of the cellular defense against oxidative stress-
mediated effects, suggesting that the degraded proteins, that may be essential for cell survival,
would be replaced with newly synthesized proteins [26,36]. Because of the elevated levels of
nitrated proteins following APAP exposure, we examined the effects of APAP treatment on
protein ubiquitination in both wild-type and Cyp2e1-null mice. The data (Fig. 4) showed a
protein ubiquitination pattern similar to those of protein nitration (Fig. 2). Protein
ubiquitination was increased by 1.6-fold in wild-type mice treated with 200 mg/kg for 4 h and
markedly increased by 2.5-fold when treated for 24 h, compared with their control (Fig. 4A,
lanes 1-3). In contrast, there was little change in the levels of ubiquitinated proteins in
Cyp2e1-null mice treated with 200 mg/kg APAP for 4 or 24 h, compared with their control
(Fig. 4A, lanes 4-6). The increase level of protein ubiquitination was more evident in wild-
type mice treated with 400 mg/kg APAP since it was increased by 2.9- and 3.3-fold at 4 and
24 h, respectively, following APAP treatment compared with their controls (Fig. 4B, lanes
1-3). Protein ubiquitination was slightly increased by ~1.2-fold in Cyp2e1-null mice treated
with 400 mg/kg for 4 and 24 h, compared with their control (Fig. 4B, lanes 4-6). It is noteworthy
to mention that the apparent molecular weights of ubiquitinated proteins (Fig. 4) were very
similar to those of nitrated proteins (Fig. 2).

To provide direct evidence that nitrated proteins were actually ubiquitinated, nitrated proteins
in wild-type mice treated with 400 mg/kg APAP for 4 h were immunoprecipitated with
monoclonal antibody against 3-NT. The immunoprecipitated proteins were then subjected to
immunoblot analyses using specific antibody against ubiquitin (Fig. 5, arrows). The total level
of ubiquitin-conjugated proteins in the immunoprecipitated nitrated proteins from APAP-
exposed mice was markedly increased by ~2.6-fold compared with their control (Fig. 5). These
data suggest that nitrated proteins following APAP treatment are more susceptible to
ubiquitination and degradation than the native proteins, as demonstrated for other proteins
[37].
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3.4. Increased nitration, ubiquitination, degradation and decreased activity of SOD1 in wild-
type mice treated with APAP

Earlier reports showed opposing results about the role of SOD1 in APAP hepatic toxicity
[38,39]. However, nitration of SOD1 and subsequent loss of activity through its degradation
are well-established [37,40]. Because of the maximum levels of nitration and ubiquitination
following treatment with 400 mg/kg APAP for 24 h in wild-type mice (Figs. 2-5), we selected
this dose and time point for evaluating the levels of nitration and ubiquitination of a protein as
an example. Because of the well-established nitration and degradation [40], we chose to study
the levels of SOD1 protein and activity in both wild-type and Cyp2e1-null mice. The SOD1
protein levels were slightly decreased in APAP-exposed Cyp2e1-null mice compared to control
(Fig. 6A). In contrast, SOD1 protein level was markedly decreased by ~62% in APAP-treated
wild-type mice compared with their control (Fig. 6A), suggesting the possibility of SOD1
protein degradation. We next evaluated whether SOD1 was nitrated and/or ubiquitinated in
APAP-exposed wild-type mice by examining the immunoreactivity of the immunoprecipitated
SOD1 with the specific antibody against 3-NT or ubiquitin (Fig. 6B). Consistent with the
aforementioned results, SOD1 in Cyp2e1-null mice (Fig. 6B, top and middle panels) was
slightly nitrated and ubiquitinated (increased by ~ 1.2- and 1.6-fold, respectively, compared
with their control after APAP treatment. In contrast, the levels of SOD1 nitration and
ubiquitination were profoundly increased (~4.4- and 13.1-fold, respectively) in APAP-exposed
wild-type mice, compared with their corresponding controls (Fig. 6B). The levels of
immunoprecipitated SOD1 protein were similar in Cyp2e1-null mice regardless of APAP
exposure (Fig. 6B, bottom panel). However, the SOD1 level in APAP-exposed wild-type mice
was much lower than saline-treated control. We further studied whether nitration and
ubiquitination would actually decrease the SOD1 activity (Figs. 6C and D). For this experiment,
we chose to analyze the liver extracts from mice treated with 200 and 400 mg/kg APAP to
investigate the dose- and time-dependent effects on nitration and/or degradation of SOD1
protein (Figs. 6C and D). We could not detect any inhibition of SOD1 activity in response to
either dose of APAP in Cyp2e1-null mice (Figs. 6C and D). However, SOD1 activity was
clearly decreased in a time- and dose-dependent manner in APAP-exposed wild-type mice
(Figs. 6C and D). In wild-type mice treated with 200 mg/kg for 4 h, SOD1 activity was inhibited
by ~16%, while its activity was suppressed by ~79% at 24 h after APAP treatment. The SOD1
activity was decreased by ~54% and 90% following treatment with 400 mg/kg APAP for 4
and 24 h, respectively, compared with their corresponding controls (Figs. 6C and D).
Collectively, these data demonstrate that APAP can promote nitration and/or ubiquitination of
SOD1 prior to its degradation, resulting in clear reduction of its catalytic activity.

3.5. Increased lipid peroxidation in wild-type and Cyp2e1-null mice treated with APAP
By using iNos-null mice and wild-type mice, Michael et al [27] suggested an important role
of lipid peroxidation in APAP-mediated liver toxicity. We, therefore, evaluated the levels of
lipid peroxidation, using MDA as a marker, in both wild-type and Cyp2e1-null mice exposed
to APAP (Fig. 7A). Both wild-type and Cyp2e1-null mice treated with APAP (200 and 400
mg/kg) exhibited a similar trend of increased lipid peroxidation; however, the increase was
more prominent in wild-type mice treated with 200 or 400 mg/kg APAP, which exhibited the
maximum increase of lipid peroxidation following 24 h treatment (Figs. 7A and B). These data
indicate that lipid peroxidation may not be the major cause in promoting APAP-related liver
toxicity, mainly because there was little liver damage observed in Cyp2e1-null mice [18,22,
23] and in our current study.

4. Discussion
GSH depletion and the formation of NAPQI adducts are very well-established as hallmarks of
hepatoxicity in response to toxic doses of acetaminophen [6,41,42]. Recently, peroxynitrite

Abdelmegeed et al. Page 7

Biochem Pharmacol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and 3-NT formation have received much attention as critical mediators of APAP as suggested
by several reports which also showed that 3-NT formation was predominant in the centrilobular
regions where necrosis takes place [11,13,27,43,44]. One of the best evidence of a role for
peroxynitrite in APAP-mediated hepatoxicity was provided by Knight et al. [15], who showed
that the delayed treatment with GSH following APAP led to increased levels of hepatic GSH
and decreased peroxynitrite levels, resulting in the attenuation of APAP-induced liver toxicity
despite the fact that elevated mitochondrial oxidative stress persists following GSH induction.
These investigators suggested that peroxynitrite per se is a critical mediator of hepatoxicity in
response to APAP and that elevated peroxynitrite may have a limited role in increasing the
mitochondrial oxidative stress that was initiated in response to NAPQI [15]. Thus, the exact
mechanism(s) of peroxynitrite-mediated liver toxicity still elusive and require further
investigation.

Since CYP2E1 is widely recognized as a major enzyme in the biotransformation of APAP to
NAPQI, it was conceivable to hypothesize that Cyp2e1-null mice should exhibit less
hepatotoxic response to APAP and consequently less 3-NT formation. Therefore, a major aim
of this study was to determine the role of CYP2E1 in protein nitration and the mechanism of
protein degradation in APAP-related hepatotoxicity. In support of the possible role for CYP2E1
in mediating liver damage through oxidative/nitrative stress, we recently showed that at higher
doses of APAP, both wild-type and Cyp2e1-null mice exhibited a similar pattern of APAP
metabolism despite the huge differences in liver toxicity with markedly increased serum ALT
and AST levels in wild-type mice but not in Cyp2e1-null mice [22,23]. These results suggest
a limited role for CYP2E1 and the possible involvement of other P450s such as CYP3A and
CY1A2 in NAPQI production with the dosages used in these studies. These results also indicate
the possibility that another mechanism such as oxidative/nitrative stress may be involved in
mediating the differences in the hepatotoxicity observed in both mouse strains.

Formation of 3-NT, which is considered as a footprint of peroxynitrite, is mediated by reactive
nitrogen species such as peroxynitrite anion (ONOO.−) and nitrogen dioxide (NO2.−), formed
as a secondary product of NO.− interaction with oxidants such as superoxide radicals (O2.−),
H2O2, and transition metal centers [45]. Peroxynitrite can cause oxidative damage to all kinds
of cellular macromolecules [12] and may promote inactivation of a variety of target proteins
[46]. The inducible form of NOS (iNOS) was suggested to be the main source of NO following
APAP treatment since there was marked reduction of 3-NT staining in mice lacking iNOS
following APAP treatment [27,47] and also in mice pretreated with the inhibitors of NOS
[44]. In contrast, the current results show that NOS was not induced following treatment with
APAP, and was actually inhibited despite the evidence of 3-NT immunostaining, similar to the
earlier results [11]. Further, 3-NT adducts were formed as early as 30 min following APAP
treatment despite the absence of iNOS induction [11,48]. Thus, the role of iNOS in the
formation of 3-NT is not very clear and it may not be the only possible source of NO in APAP-
mediated hepatotoxicity. In fact, Gow et al. [36] reported that many other metalloproteins such
as P450 enzymes, myeloperoxidase, eosinoperoxidase, and myoglobin are also responsible for
3-NT formation. The results shown in this study are in agreement with this view.

The source of superoxide and underlying mechanism(s) of its increase following APAP is still
under debate. Potential sources of superoxides could be CYP2E1, which produces reactive
oxygen species [21,49] even in the absence of its substrates [50], damaged mitochondria
[51], and/or NADPH oxidase in Kupffer cells [52]. It was reported that gadolinium chloride,
an inhibitor of superoxide formation in Kupffer cells, inhibited APAP-induced liver injury
[24]. However, the role of Kupffer cells in the formation of peroxynitrite is questionable since
the independence of NADPH oxidase expressed in Kupffer cells on APAP hepatoxicity has
been reported [53]. Further, Kupffer cells have been proposed to be actually protective against

Abdelmegeed et al. Page 8

Biochem Pharmacol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



APAP-mediated liver toxicity [54]. Taken together, the role of Kupffer cells in APAP still
needs further investigation.

Our results (Figs. 2 and 3) suggest that in our system, even low, basal levels of NO may be
sufficient enough to produce peroxynitrite in the presence of extra amounts of additional
superoxides, resulting in increased levels of 3-NT. These data also suggest that at the APAP
doses used in this study, CYP2E1 seems essential for the formation of 3-NT, possibly through
superoxide formation because CYP2E1 possesses high NADPH oxidase activity [20,21], and
may actually be more important than iNOS whose role seems controversial [27,43,44,47,55].
This view is also in agreement with our previous study where H2O2 was only increased in wild-
type mice, but not in Cyp2e1-null mice despite APAP exposure, further implying a possible
role for oxidative stress through CYP2E1-mediated events [22]. Although we can not totally
exclude the formation of 3-NT in Cyp2e1-null mice, especially with the higher doses of APAP,
the substantial differences between wild-type and Cyp2e1-null mice were very clear. It is
noteworthy to mention that GSH was rapidly restored in Cyp2e1-null mice following treatment
with 400 mg/kg APAP (4 h) while its recovery was delayed in wild-type mice (16 h) [23]. This
result (differential rates of GSH recovery) may be critically important since GSH is a potent
peroxynitrite scavenger and may confer a small window of opportunity to prevent
hepatotoxicity in Cyp2e1-null mice following APAP treatment, as previously shown [15].
Consequently, the rapidly restored levels of GSH may be another possible reason of the
decreased formation of 3-NT in Cyp2e1-null mice treated with APAP. These data validate our
original hypothesis that CYP2E1 may be important in promoting its hepatotoxic effects through
increasing oxidative/nitrative stress rather than promoting the formation of NAPQI since its
presence seems necessary for peroxynitrite formation under our experimental conditions. We
however can not totally exclude the possible role of NAPQI in GSH depletion which indirectly
may lead to the formation of reactive oxygen or nitrogen species (ROS/RNS).

Protein ubiquitination is an important pathway by which many proteins, especially those that
are improperly folded and damaged, are degraded [34,35]. Protein ubiquitination and
degradation play an essential role in many vital processes such as cell division and
differentiation, apoptosis, DNA repair, signal transduction, membrane transport, oncogenesis
and degrading abnormal proteins [34,35]. Ubiquitination is a multicatalytic process that tags
target proteins with a chain of multiple ubiquitin moieties. This is followed by their degradation
by the cytosolic 26S protease complex (the 26S proteasomes) [26]. Proteasomal degradation
of nitrated proteins, resulting in shorter half-lives than the native protein counterparts, has been
well-established [25,26,37,56]. Proteasomal degradation has been suggested to be part of the
cellular defense against protein aggregation during oxidative stress which would cause more
cellular damage. In agreement with these earlier reports, protein ubiquitination only increased
in wild-type mice following treatment with 200 and 400 mg/kg APAP and slightly increased
in Cyp2e1-null mice following 400 mg/kg APAP treatment. We also provided direct evidence
that nitrated proteins were actually ubiquitinated (Figs. 5 and 6) following APAP exposure.
Given the massive liver necrosis we observed in APAP-exposed wild-type mice, cell ability
to replace the degraded proteins would be highly questionable. Consequently, the inefficient
or reduced rates of replacement of the damaged proteins (with less native proteins) may also
contribute to cellular damage. Furthermore, it is possible that cell damage can occur since
nitration of tyrosine residues in many proteins may interfere with the normal cell signaling, as
discussed [36,57].

The role of SOD1 in APAP hepatic toxicity is still controversial. The protective role of SOD1
against APAP may be implicated in preventing 3-NT formation as over-expression of SOD1
in mice abolished the increased nitration levels of tyrosine hydroxylase [58] and APAP toxicity
[38]. In contrast, studies with Sod1-null mice suggested that SOD1 is actually essential for 3-
NT formation in mice treated with APAP [39]. Regardless of the role of SOD1 in APAP
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toxicity, its nitration and subsequent loss of activity and/or degradation are well-established
[37,40]. We thus selected SOD1 as an example to demonstrate protein nitration and/or
degradation during APAP toxicity. Indeed, our data (Fig. 6) with decreased levels of SOD1
further support the earlier findings of rapid degradation of nitrated proteins [37,38].
Identification of nitrated proteins in response to APAP will thus provide a new insight in
understanding the underlying mechanism of APAP-mediated liver necrosis. In addition, the
role of the ubiquitin/proteasome system in APAP-induced liver toxicity will require further
investigation.

The role of lipid peroxidation in mediating APAP toxicity is also not clear and it was suggested
that despite its occurrence, lipid peroxidation may not be a critical event in the mechanism of
APAP hepatoxicity; rather multifactorial events were suggested to mediate the hepatotxic
effect [4]. The level of lipid peroxidation was not increased in APAP-exposed wild-type mice
while its level was increased in iNos-null mice (27) despite liver necrosis in both mouse groups.
These investigators suggested that the elevated levels of lipid peroxidation instead of
peroxynitrite production are critically important in causing liver damage in the iNos-null mice
following APAP treatment. Unlike this study, our current data (Fig. 7B) showed increased
levels of lipid peroxides in Cyp2e1-null mice exposed to APAP (400 mg/kg) for 4 and 24 h
despite very little histological damage and biochemical indicators of hepatotoxicity (such as
elevated serum ALT and AST levels). Therefore our current data suggest that peroxynitrite
may be more important than lipid peroxidation in promoting liver toxicity and/or an additional
factor may be needed for lipid peroxidation to mediate liver toxicity, as suggested [4].
Alternatively, lipid peroxidation may not be sufficient to produce liver damage due to the quick
restoration of GSH in Cyp2e1-null mice [22,23]. Nonetheless, oxidative stress seems to also
take place in Cyp2e1-null mice following higher doses of APAP, but its increase seems to be
under control possibly through rapid restoration of GSH [23].

In summary, we showed that CYP2E1 appears to be necessary for the formation of 3-NT
adducts, which likely represent oxidative protein modification (i.e., nitration), contributing to
decreased levels and/or loss of function of many nitrated proteins through ubiquitin-dependent
degradation. Collectively, this chain event would contribute to liver necrosis and eventually
liver failure. Identification of nitrated proteins and investigating the role of ubiquitin/
proteasome system in APAP-liver toxicity, by using the already existing mouse models such
as Cyp2e1-null mice, would provide a new insight in understanding the possible mechanism
(s) and down-stream effects through which peroxynitrite mediates its hepatotoxic effects.
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Fig. 1. Effect of APAP on hepatic necrosis in wild-type and Cyp2e1-null mice
Photomicrographs (200×) after H&E staining from the left hepatic lobes from the indicated
mouse livers are presented. Liver histology was performed for: wild-type mice (A-C) or
Cyp2e1-null mice (D-F) exposed to 200 mg/kg APAP for 0, 4, and 24 h, respectively. Liver
histology was also performed for wild-type mice (G-I) or Cyp2e1-null mice (J-L) exposed to
400 mg/kg APAP for 0, 4, and 24 h, respectively. PC, pericentral regions; PP, periportal
regions. Arrows indicate severe necrosis in the PC regions.
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Fig. 2. Levels of hepatic protein nitration and NOS activity in wild-type and Cyp2e1-null mice
following APAP treatment
Equal amounts of liver cytosolic proteins (40 μg/well) from different groups were separated
on 12% SDS–PAGE, transferred to nitrocellulose membranes, and subjected to immunoblot
analysis by using anti-3-NT antibody (A and B, upper panels) and anti-β-actin antibody (A and
B, middle panels) for normalization. Coomassie-stained gels are also presented (A and B, lower
panels) to further demonstrate equal protein loading. The relative ratio of the 3-NT level
detected between the APAP-exposed samples and the corresponding control, which was set at
1, is shown in the top. Equal amounts of liver cytosolic proteins were used to measure total
NOS activity (C) according to the manufacturer's instructions.
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Fig. 3. 2D-PAGE and immunoblot analysis for 3-nitrotyrosine detection in hepatic proteins
Immunoreactive nitrated proteins in cytosolic proteins (300 μg/gel) are shown from untreated
wild-type mice (A) or treated (B) with 400 mg/kg APAP for 4 h. Immunoblot results (A and
B) are before reduction, while (C) represents the result after reduction in the presence of sodium
dithionite.
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Fig. 4. Levels of hepatic protein ubiquitination in wild-type and Cyp2e1-null mice following APAP
exposure
Equal amounts of liver cytosolic proteins (40 μg/well) from different groups were separated
on 12% SDS–PAGE, transferred to nitrocellulose membranes, and subjected to immunoblot
analysis by using anti-ubiquitin (A and B, upper panels) and anti-β-actin antibody (A and B,
middle panels) for normalization. Coomassie-stained gels are also presented (A and B, lower
panels) to further demonstrate equal protein loading. The relative ratio of the 3-NT level
detected between the APAP-exposed samples and the corresponding control, which was set at
1, is shown in the top.
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Fig. 5. Ubiquitin conjugation of nitrated proteins in APAP-exposed wild-type mice
Equal amounts of cytosolic proteins (1 mg/sample) in saline control (left lane) and wild-type
mice treated with 400 mg/kg APAP for 4 h (right lane) were immunoprecipitated with the
monoclonal antibody against 3-NT. The immunoprecipitated proteins were then subjected to
immunoblot analysis using the specific antibody against ubiquitin (arrows in top panel). A
Coomassie-stained gel is also presented to demonstrate equal protein loading (bottom panel).
The relative ratio of the ubiquitin immunoreactivity detected between the control (set as 1) and
APAP-exposed samples is shown in the top.
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Fig. 6. Levels of cytosolic SOD1, nitrated SOD1, ubiquitinated SOD1, and activity in wild-type and
Cyp2e1-null mice treated with APAP
Equal amounts of or cytosolic proteins (20 μg protein/well) from different groups were
separated on 15% SDS–PAGE, transferred to nitrocellulose membrane, and subjected to
immunoblot analysis by using the specific anti-SOD1 antibody (A, upper panel) or β-actin (A,
lower panel). Density of SOD1 band in each lane was calculated by quantitative densitometry,
normalized to that of the corresponding β-actin bands. The relative ratio is presented for the
SOD1 level detected in the corresponding control group, which was set at 1, and APAP-
exposed groups. Immunoprecipitated proteins from each group were then subjected to
immunoblot analysis with the anti-3-NT (B, top panel), anti-ubiquitin (Ub) (B, middle panel),
or anti-SOD1 antibody (B, bottom panel). Density of 3-NT or ubiquitin bands was normalized
to that of the corresponding SOD1 band. The relative ratio of the immunoreactivity against
each target protein detected between the control (set as 1) and APAP-exposed samples is shown
in the top. The enzyme activity of SOD was measured using commercially available kit
following the manufacturer's protocol in both wild-type and Cyp2e1-null mice treated for 4 or
24 h with 200 mg/kg (C) or 400 mg/kg APAP (D).
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Fig. 7. Levels of hepatic MDA in wild-type and Cyp2e1-null mice subjected to treatment with APAP
Equal amounts of liver cytosolic proteins (0.5 mg/sample) were used to measure the levels of
MDA according to the manufacturer's protocols.
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