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Abstract
Pyrazole can induce CYP2E1 and 2A5, which produce reactive oxygen species (ROS). Nuclear factor
erythroid 2-related factor 2 (Nrf2) regulates important antioxidant enzymes to remove ROS. In this
study, we applied Nrf2 knockout mice to test the hypothesis that pyrazole will cause hepatotoxicity
and elevate oxidative stress to a greater extent in Nrf2 knockout compared to wild type mice. Pyrazole
induced severe oxidative liver damage in Nrf2 knockout mice but not in wild type mice. Activities
and levels of CYP2E1 and 2A5 were elevated by pyrazole in the wild type mice but not in the Nrf2
knockout mice. However, expression or activity of Nrf2-regulated antioxidant enzymes, such as γ-
glutamylcysteine synthetase (GCS), heme oxygenase-1(HO-1) and glutathione S-transferase (GST),
were upregulated in the pyrazole-treated wild type mice, but to a lesser extent or not at all in the
pyrazole-treated Nrf2 knockout mice. Treatment with antioxidants such as vitamin C or S-Adenosyl-
L-methionine (SAM) or an inhibitor of iNOS prevented the pyrazole-induced oxidative liver damage,
thus validating the role of oxidative/nitrosative stress in the pyrazole-induced liver injury to the Nrf2
knockout mice. In summary, even though ROS-producing CYP2E1/2A5 were not elevated by
pyrazole, impaired antioxidant capacity resulting from Nrf2 deficiency appear to be sufficient to
promote pyrazole-induced oxidative liver injury.
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Pyrazole has been used as an inducer of cytochrome P450 2E1 (CYP2E1) to study CYP2E1-
mediated oxidative stress and liver injury (Yang and Cederbaum, 1996; Wu and Cederbaum,
2000; Guan et al, 1992.). Microsomes isolated from rats treated with pyrazole for 2–3 days
showed an approximately two- to four-fold increase in CYP2E1 (Palakodety et al., 1988;
Winters and Cederbaum, 1992). After administration of pyrazole to rats, mRNA levels did not
increase, suggesting that the mechanism of induction was at the level of protein stabilization
(Song et al., 1989; Winters and Cederbaum, 1992). Due to being poorly coupled with NADPH-
cytochrome P450 reductase, CYP2E1 exhibits enhanced NADPH oxidase activity and elevated
rates of production of reactive oxygen species (ROS) such as superoxide anion radical 
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and hydrogen peroxide (H2O2) and, in the presence of iron catalysts, produces powerful
oxidants such as the hydroxyl radical (Boveris et al., 1983; Ekstrom and Ingelman-Sundberg,
1989; Rashba-Step et al., 1993). Usually, pyrazole-treated animals with higher levels of
CYP2E1 and 2A5 do not show liver injury, but they are more sensitive to other hepatotoxins
such as LPS (Lu and Cederbaum, 2006a). In addition to CYP2E1 induction, pyrazole also
induces CYP2A5 (Juvonen et al., 1985; Gilmore et al., 2003). Pyrazole induction of CYP2A5
is also believed to be related to oxidative stress and liver damage. Vitamin E attenuates
CYP2A5 induction by pyrazole, and GSH depletion by BSO induces CYP2A5 (Gilmore et al.,
2003). Induction of CYP2A5 by pyrazole is a direct consequence of endoplasmic reticulum
damage, dysfunction, and stress, which is believed to be related to pyrazole-induced oxidative
stress (Gilmore and Kirby, 2004). In a previous study (Lu and Cederbaum, 2006a), we showed
that, while either pyrazole or LPS alone did not induce liver injury, combination of pyrazole
plus LPS induced severe liver injury, and the liver injury involves oxidative stress and induction
of CYP2E1 and 2A5 by pyrazole.

Oxidative stress reflects an unbalance between production of ROS and antioxidant capacity to
remove ROS. Nuclear factor erythroid 2-related factor 2 (Nrf2) plays an important role in
antioxidant response element (ARE)-mediated antioxidant gene expression (Alam et al.,
1999; Kang et al., 2005). Under normal physiological conditions, Nrf2 is bound to Kelch-like
ECH-associated protein-1 (Keap1) and thereby sequestered in the cytoplasm, but upon
oxidation of cysteine residues, Nrf2 is dissociated and released from Keap1 and translocates
to the nucleus, where it binds to ARE sequences leading to transcriptional activation of
antioxidant and phase II detoxifying genes (Zhang, 2006). In previous studies (Gong and
Cederbaum, 2006 a and b), we showed that Nrf2 is increased in cells over-expressing CYP2E1,
and the increased Nrf2 activates two Nrf2-regulated antioxidant enzymes gamma-
glutamylcysteine synthetase (GCS) and heme oxygenase 1 (HO-1) expression, which protect
against CYP2E1-dependent cytotoxicity. Nrf2 is also increased in livers from mice and rats
treated with pyrazole (Gong and Cederbaum, 2006 a), but the toxicological or functional
significance of this increase is not known. In the present study, we found that, pyrazole did not
cause liver injury in wild type mice, due to compensative increases in Nrf2-regulated
antioxidant capacity, although ROS producing CYP2E1 and 2A5 were induced. However, in
Nrf2 knockout mice, due to failed or impaired upregulation of antioxidant capacity, pyrazole
induced severe oxidative liver injury, even though CYP2E1 and 2A5 were not elevated.

Materials and Methods
Reagents

Pyrazole, lipopolyssachride (LPS), N(omega)-Nitro-L-arginine methyl ester (L-NAME), S-
adenosyl-methionine (SAM), 1-chloro-2,4-dinitrobenzene (CDNB), p-nitrophenol (PNP),
H2O2, 7-ethoxycoumarin, Coumarin, Ac-DEVD-AMC, were purchased from Sigma (St.
Louis, MO); thiobarbituric acid (TBA), o-phthalaldehyde, and vitamin C were from Fisher
(Pittsburgh, PA).

Antibodies
Anti-3-nitrotyrosine (3-NT) adducts Ig G was from Upstate (Lake Placid, NY); Ig G for Nrf2
was from Santa Cruz Biotechnology (Santa Cruz, CA); Ig G for heme oxygenase 1 (HO-1) and
iNOS were from Stressgen Biotechnologies (Victoria, Canada); Ig G for β-actin was from
Sigma; Ig G for γ-glutamylcysteine synthetase (GCS) was from Lab Vision Corp. (Fremont,
CA). Antibodies against CYP2E1 and CYP2A5 were generous gifts from Drs Jerome Lasker
(Hackensack Biomedical Research Institute, Hackensack, NJ) and Risto Juvonen (Department
of Pharmacology and Toxicology, University of Kuopio, Kuopio, Finland).

Lu et al. Page 2

Toxicology. Author manuscript; available in PMC 2009 October 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Animals and treatments—C57BL/6 background Nrf2-knockout mice were kindly
provided by Dr. Masayuki Yamamoto (Tsukuba University, Japan), and the offspring’s of these
mating pairs were used in this study. C57BL/6 wild type mice were from Charles River
laboratory. All mice were housed in temperature-controlled animal facilities with 12-hour light/
dark cycles and permitted consumption of tap water and Purina standard chow ad libitum. The
mice received humane care and experiments were carried out according to the criteria outlined
in the Guide for the Care and Use of Laboratory Animals and with approval of the Mount Sinai
Animal Care and Use Committee.

Wild type and Nrf2 knockout mice were injected intraperitoneally with pyrazole, 150 mg/kg
body wt, once per day for 2 days or 0.9% saline as control, respectively. Twenty four h after
the last pyrazole or saline injection, blood was collected from the retro-orbital venous sinus
under anesthesia, and then the mice were sacrificed. Livers were removed, washed with cold
saline, and excised into fragments; one aliquot of tissue was placed in 10% formalin solution
for paraffin blocking, whereas the other aliquots were stored at −80°C for subsequent assays.
For intervention study, SAM (50 mg/kg body wt) or vitamin C (125 mg/kg body wt) were
injected intraperitoneally every 12 h for 3 days; the mice were treated with pyrazole on days
2 and 3 as above; L-NAME (100 mg/kg body wt) was injected intraperitoneally once a day for
3 days and the mice were treated with pyrazole on days 2 and 3 as above.

Serum ALT and, AST Determination—The collected blood was centrifuged at 3,000 rpm
for 5 min, and serum was separated. Alanine aminotransferase (ALT) and asparate
aminotransferase (AST) were assayed using diagnostic kits (Thermo Electron, Louisville, CO).

Liver pathology and immunohistochemistry—Liver samples were fixed in 10%
formalin solution and embedded in paraffin. Liver sections (5 µm thick) were stained with
hematoxylin and eosin for pathological evaluation. Immunohistochemical staining for 3-NT
adducts was performed by using anti-3-NT adducts primary antibodies and a rabbit ABC
staining kit (Santa Cruz Biotechnology, Santa Cruz, CA).

Western blot analysis—Hepatic proteins (100µg) were separated by SDS-PAGE and
transferred to nitrocellulose membranes. Membranes were then incubated for overnight with
the indicated antibodies followed by 1 h incubation with correspondent peroxidase secondary
antibodies. Chemiluminescence detection was performed by the ECL™ Western blotting
method (Amersham Biosciences Corp., Baie d'Urfe, QC). Densitometric analyses were
performed by using Molecular Analyst™ software (Version 2.1, Bio-Rad Laboratories).

Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick-end labeling (TUNEL) assay and caspase 3 activity—DNA fragmentation was
assessed by TUNEL assay using an ApopTag in situ apoptosis detection kit (Chemicon,
Temecula, CA). Caspase 3 activity was determined from the rate of AMC formation from 0.2
mM Ac-DEVD-AMC.

Cytochrome P450 2E1 and 2A5, and ECOD Activities—CYP2A5 activity was
measured by assessing coumarin 7-hydroxylase activity with 100 µM coumarin as substrate
plus 100 µg of microsomal protein and incubation for 10 min at 37°C (Lu and Cederbaum,
2006a). 7-Ethoxycoumarin-O-deethylase (ECOD) activity was measured with the same
conditions except for using 100 µM 7-ethoxycoumarin as substrate instead of coumarin (Caro
and Cederbaum, 2005). CYP2E1 activity was measured by the rate of oxidation of 1 mM PNP
(Reinke and Moyer, 1985). The reaction was performed with 100 µg of microsomal protein
for 30 min at 37°C.
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Measurement of Catalase Activity—Catalase activity in the homogenate was determined
(Lu and Cederbaum, 2006a) by adding liver homogenate to a cuvette containing 100 µl of 20
mM H2O2 in 50 mM potassium phosphate buffer (pH 7.4), and the decrease in absorbance was
measured at 240 nm for 1 min.

Measurement of Glutathione S-transferase Activity—Glutathione S-transferase
(GST) activity was measured by adding 100 µg of homogenate protein to a cuvette containing
100 µl of 1 mM CDNB and 1 mM GSH in 0.1 M potassium phosphate buffer (pH 6.5) and
measuring the increase in absorbance at 340 nm for 1 min.

Measurement of reduced glutathione (GSH) levels—Trichloroacetic acid (TCA) was
added to liver homogenate to a final concentration of 5% and the mixture was incubated at 4°
C for 30 min to extract GSH. The TCA extract (10 µl) was added to tubes containing 1 mg/ml
o-phthalaldehyde (200 µl) in methanol. The tubes were incubated at 37°C in the dark (15 min).
Fluorescence was measured (excitation 350 nm, emission 420 nm) using a Perkin-Elmer
LC-50B spectrofluorometer. The concentration of GSH was determined from a GSH standard
curve (Lu and Cederbaum, 2006 b).

Lipid peroxidation analysis—Hepatic homogenates were incubated with 0.2 ml of TCA
[15% (wt/vol)]- TBA [ 0.375% (wt/vol)]-HCl (0.25 N) solution in a boiling water bath for 10
min. After centrifugation at 1,000 rpm for 5 min, the resulting supernatant was used to
determine the formation of TBA-reactive substances (TBARS) by evaluating absorbance at
535 nm. MDA treated as above served as a standard (Lu and Cederbaum, 2005).

Statistics—Results are expressed as mean±SD. Statistical evaluation was carried out by
analysis of variance (ANOVA) followed by Student-Newman-Keuls post hoc test. Results
were considered statistically different if P was less than 0.05.

Results
Pyrazole induces necrotic hepatotoxicity in Nrf2 knockout mice but not in wild type mice

Serum ALT and AST, two markers for hepatic necrosis, increased dramatically after treatment
with pyrazole in the Nrf2 knockout mice, but no changes in both serum ALT and AST were
observed in the wild type mice (Fig. 1). Pathology evaluation showed that many necrotic areas
around the central veins were found in the liver sections from the pyrazole treated Nrf2
knockout mice, but no pathological change was observed in the pyrazole treated wild type mice
(Fig. 2). TUNEL staining, an assay for apoptosis, showed that many positive staining cells
around the central veins were observed in the liver sections from the pyrazole treated Nrf2
knockout mice, but only casual staining was observed in the pyrazole treated wild type mice
(data not shown). However, caspase 3 activity did not significantly increased in the pyrazole-
treated Nrf2 knockout mice (data not shown). It is possible that the increase in TUNEL staining
reflects necrosis-induced DNA fragmentation rather than apoptosis. H&E staining and TUNEL
staining were conducted in successive slices from the pyrazole treated Nrf2 knockout mice or
wild type mice; TUNEL positive staining and hepatic necrosis were located in the same areas
(Fig. 3). These results suggest that pyrazole induced necrotic but not apoptotic damage in Nrf2
knockout mice.

Pyrazole-induced liver injury in the Nrf2 knockout mice involves oxidative/nitrosative stress
Pyrazole induced iNOS expression both in knockout and wild type mice to comparable extents
(Fig.4A). However, after pyrazole treatment positive staining for 3-NT was only observed in
the knockout mice, but not in the wild type mice (Fig.4B). The positive staining was around
the central veins, the area where the liver injury occurs (Fig.4B). Lipid peroxidation reflected
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by TBARS levels in liver homogenates was dramatically increased by pyrazole in the knockout
mice, but only slightly increased in the wild type mice (Fig.5). Compensative increase in GSH
levels by pyrazole was observed in the wild type mice, but not in the knockout mice (Fig.5).
Intervention experiments with Vc and SAM, two antioxidants, and L-NAME, an inhibitor of
iNOS, were performed to validate whether oxidative/nitrosative stress are important in
pyrazole induced liver injury in the Nrf2 knockout mice, since the increases in 3-NT or TBARS
(Fig. 4) may just be associated with the liver injury but not be causative. Pyrazole elevation of
serum AST and AST was inhibited by Vc, SAM and L-NAME (Fig. 6A); in addition, the
increase in TBARS was also inhibited by Vc, SAM and L-NAME (Fig. 6B). These results
suggest that oxidative/nitrosative stress induced by pyrazole caused liver injury in the Nrf2
knockout mice.

Oxidative liver injury by pyrazole in the Nrf2 knockout mice is independent of induction of
cytochrome P450s

Although as expected, the CYP2E1 catalytic activity and protein expression were induced by
pyrazole in the wild type mice, to our surprise, they did not change after pyrazole treatment in
the Nrf2 knockout mice (Fig. 7A). Similarly, CYP2A5 activity and protein were elevated by
pyrazole in the wild type mice, but did not change in the Nrf2 knockout mice (Fig. 7B). These
surprising results were extended to ECOD activity. 7-Ethoxycoumarin is a general P450
substrate, being metabolized by O-deethylation by several enzymes of the CYP1, CYP2 and
CYP3 families (Waxman and Chang, 1998). ECOD activity was increased by pyrazole in the
wild type mice but no change was observed in the Nrf2 knockout mice (Fig. 7C). The above
results suggest that pyrazole-induced hepatotoxicity in Nrf2 knockout mice is not due to the
induction of cytochrome P450s. Pyrazole can inhibit the activity of catalase, an important
antioxidant enzyme (Lu and Cederbaum, 2006). Catalase activity was inhibited by pyrazole
comparably in Nrf2 knockout and wild type mice (Fig.7D).

Impaired upregulation of Nrf2-regulated antioxidant enzymes might contribute to pyrazole-
induced oxidative liver injurys

Nrf2-regulated GCS and HO-1 expression was increased in pyrazole-treated wild type mice,
compared with saline-treated wild type mice (Fig. 8A). However, in pyrazole-treated Nrf2
knockout mice, GCS expression was not elevated and upregulation of HO-1was lower than
that in pyrazole-treated wild type mice (Fig. 8A). The western blots validated the absence of
Nrf2 in Nrf2 knockout mice, but in the wild type mice, pyrazole induced upregulation of Nrf2
(Fig. 8A). Glutathione S-transferase (GST) can be regulated by Nrf2 (Kwak et al., 2001). Basal
levels of GST activity were about 4-fold lower in the Nrf2 knockout mice than the activity in
the wild type mice, and pyrazole produced an increase in GST activity in the wild type mice
but not in the Nrf2 knockout mice (Fig. 8B). Thus, treatment with pyrazole caused increase in
the activity/expression of several antioxidants (GST, HO-1, GCS) in wild type mice, however,
this upregulation was much less effective or did not occur in Nrf2 knockout mice (Fig.8A and
B). It appears that oxidative stress resulted from the impairment of Nrf2-regulated upregulation
of antioxidant enzymes after pyrazole treatment and this caused liver injury.

Discussion
In this study, we found that pyrazole treatment alone induced hepatotoxicity in Nrf2 knockout
mice but not in wild type mice. Similarly, elevated oxidative status was detected in pyrazole-
treated Nrf2 knockout mice but not in wild type mice. Vc, SAM and L-NAME protected against
the pyrazole-induced liver injury in Nrf2 knockout mice. These results suggest that pyrazole-
induced liver injury in Nrf2 knockout mice is due to oxidative stress.
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Oxidative stress reflects a balance between production of ROS and antioxidant capacity to
remove ROS. In CYP2E1-overexpressing HepG2 cells, total GSH levels, GSH synthetic rate
and GCS mRNA were increased (Mari and Cederbaum, 2000). Activity, protein and mRNA
levels for other antioxidants such as catalase, alpha- and microsomal GST were also increased
(Mari and Cederbaum, 2001). Up-regulation of these antioxidant genes was suggested to reflect
an adaptive mechanism to remove CYP2E1-derived oxidants and was dependent on Nrf2
upregulation (Gong and Cederbaum, 2006 b). Induction of HO-1 protects against CYP2E1-
dependent toxicity (Gong et al., 2004). The protective effects of Nrf2 against CYP2E1-
dependent toxicity can be blocked by L-buthionine-(S,R)-sulfoximine (BSO), a specific
inhibitor of GCS, which prevents the synthesis of GSH. Is pyrazole-induced liver injury in
Nrf2 knockout mice due to failed or impaired induction of Nrf2-regulated antioxidant capacity?
Nrf2 and three of its target genes, GCS, GST and HO-1, were upregulated in wild type mice;
but in Nrf2 knockout mice, no upregulation of GST and GCS was observed, and upregulation
of HO-1 was lower than that in wild type mice. Pyrazole elevation of GSH levels was observed
in pyrazole-treated wild type mice but not in the Nrf2 knockout mice (Fig. 5). Therefore, it is
postulated that, in pyrazole-treated Nrf2 knockout mice, the impaired antioxidant capacity
causes increased accumulation of ROS, which enhances liver injury. In pyrazole-treated wild
type mice, the compensatory increase in antioxidant capacity prevents increased accumulation
of ROS, which therefore protects against liver injury. In pyrazole-treated Nrf2 knockout mice,
ROS scavengers such as Vc and SAM can take the place of the lowered antioxidant capacity,
thereby protecting against pyrazole-induced liver injury. Certainly, other Nrf2-dependent
enzymes and cytoprotective factors besides GST, GCS, HO-1 may be important in the
protection against the pyrazole toxicity.

Some studies suggest that excessive formation of NO can result in oxidative stress in the liver
(Schild et al, 2003), but other reports showed that NO has a protective effect as the production
of NO improved the microcirculation and oxygen metabolism (Corso, et al, 1998). In the
current study, pyrazole induction of iNOS is comparable in the knockout and wild type mice.
However, pyrazole-induced liver damage may be dependent on the balance of the local
production of NO and ROS such as O2

.−. Peroxynitrite (ONOO−) is formed by the rapid
reaction between NO and O2

.− and has been shown to nitrate free and protein-associated
tyrosine residues and produce nitrotyrosine (Ischiropoulos, 1998). Although the levels of iNOS
were the same, higher levels of O2

.− due to impaired antioxidant capacity in pyrazole-treated
Nrf2 knockout mice elevate ONOO− formation to a greater extent than that found in pyrazole-
treated wild type mice. Therefore, the formation of 3-NT was increased and L-NAME, an
inhibitor of iNOS, protected against pyrazole liver damage in the Nrf2 knockout mice.

Why is oxidative/nitrosative stress elevated in the pyrazole-treated Nrf2 knockout mice but
not in the wild type mice? Pyrazole induces CYP2E1. CYP2E1 exhibits enhanced NADPH
oxidase activity and elevated rates of production of O2

.− and H2O2 (Ekstrom and Ingelman-
Sundberg, 1989). While elevated CYP2E1 alone (pyrazole treatment alone) does not induce
significant liver injury, it enhanced liver injury induced by other hepatotoxins such as LPS
(Lu et al., 2005; Lu and Cederbaum, 2006 a). In addition to CYP2E1 induction, pyrazole
induces CYP2A5 activity. Gilmore et al (2003) reported that vitamin E attenuates CYP2A5
induction by pyrazole and that GSH depletion by BSO induces CYP2A5 suggests a causal
association between oxidative stress and CYP2A5 overexpression. Since cytochrome P450
enzymes can produce ROS during their catalytic turnover (White, 1991), pyrazole induction
of CYP2E1 and 2A5 should increase P450-generated ROS. However, although pyrazole
induced hepatotoxicity in Nrf2 knockout mice, no elevation in CYP2E1 or 2A5 activities or
levels were observed, in contrast to the 2-fold increase in CYP2E1 activity and more than 20-
fold elevation of CYP2A5 activity in wild type mice. Despite the elevation in CYP2E1 and
2A5, no hepatotoxicity was detected in wild type mice. These results suggest that pyrazole-
induced oxidative liver injury in Nrf2 knockout mice is not due to the induction of CYP2E1
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and 2A5. Information about pyrazole metabolism might provide an insight into the
pathogenesis of pyrazole liver injury; hydroxylation of pyrazole to 4-hydroxypyrazole by
CYP2E1 can occur (Clejan and Cederbaum, 1990), however, no other literature is available.
Interestingly, 4-hydroxypyrazole can inhibit catalase (MacDonald et al, 1981). While catalase
was decreased by pyrazole in both the Nrf2 knockouts and wild type mice, inhibition of this
important antioxidant enzyme may have more serious repercussions with respect to the
antioxidant status in the pyrazole-treated Nrf2 knockout mice with a failed capacity to
upregulate GSH and other antioxidants than in the wild type mice with antioxidant
upregulation. How is pyrazole promoting liver injury or elevating oxidative stress in the
knockout mice in the absence of increases in CYP2E1 and 2A5? Whether ROS production is
increased by other pathways or enzymes cannot be ruled out since pyrazole treatment
upregulates and downregulates the expression of many genes in mice as recently shown by
microarray analysis (Nichols and Kirby, 2007). Further studies are needed to address this issue.

Cytochrome P450s are generally not considered as Nrf2 target genes. Recent studies have
shown that CYP2A5 indeed contains an Nrf2 response element (Abu-Bakar et al., 2004;
2007). Two putative stress response elements (STRE) were localized to positions −2514 to
−2386 to −2377 of the CYP2A5 promoter, with the more proximal sequence specifically
binding Nrf2 and the authors concluded that Nrf2 activates CYP2A5 transcription by directly
binding to the proximal STRE (Abu-Bakar et al., 2007). This would explain why pyrazole is
ineffective in inducing CYP2A5 in the Nrf2 knockout mice. More complicated, however, is to
understand why pyrazole failed to induce CYP2E1 in the Nrf2 knockout mice. Induction of
CYP2E1 by pyrazole is mainly posttranscriptional (Eliasson et al., 1988) as pyrazole can
stabilize CYP2E1 against proteasome-mediated degradation (Bardag-Gorce et al., 2002;
Roberts, 1997; Yang and Cederbaum, 1997). Why the lack of Nrf2 would block this
stabilization of CYP2E1 by pyrazole against proteasome-mediated degradation is not known.
Perhaps of importance is the finding that the expression of some subunits of 20S and 19S
proteasomes can be transcriptionally induced by dithiolethione in mouse liver in an Nrf2-
dependent manner (Kwak et al., 2003). Whether this Nrf2-modulation of the proteasome
complex plays a role in the ineffectiveness of pyrazole to elevate CYP2E1 levels will require
future studies.

In summary, in wild type mice, although ROS producing CYP2E1 and 2A5 were induced, no
liver injury was observed due to compensative increases in Nrf2-regulated antioxidant
capacity. However, in Nrf2 knockout mice, due to failed or impaired upregulation of
antioxidant capacity, pyrazole induced severe oxidative liver injury, even though CYP2E1 and
2A5 were not elevated. The source of ROS production in pyrazole-treated Nrf2 knockout mice
remains unclear.
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iNOS, inducible nitric oxide synthase
GCS, γ-glutamylcysteine synthetase
SAM, S-adenosyl methionine
HO-1, heme oxygenase-1
CDNB, 1-chloro-2,4-dinitrobenzene
ARE, antioxidant response element
L-NAME, N(omega)-Nitro-L-arginine methyl ester
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Fig. 1.
Effect of pyrazole on levels of serum (A) alanine aminotransferase (ALT) and (B) aspartate
aminotransferase (AST). Pyrazole (150 mg/kg body wt) or saline was injected ip daily for 2
days in wild type and Nrf2 knockout mice. Blood was collected 24 h after the second injection
of pyrazole, and transaminase levels were assayed as described in MATERIALS AND
METHODS. **P < 0.01, compared with pyrazole wid type group; ## P<0.01, compared with
saline Nrf2 knockout group.
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Fig. 2.
Hematoxylin-eosin-stained liver sections after treatment with pyrazole. Arrows show areas of
necrosis around the central veins.
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Fig. 3.
Comparison of TUNEL staining with H&E staining in the same field. Arrows show positive
TUNEL staining or areas of necrosis around the central veins.
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Fig. 4.
Effects of pyrazole on iNOS expression (A) and 3-NT adduct formation (B) in liver. The
expression of iNOS was determined by western blotting analysis. Numbers below the blots
refer to the iNOS/β-actin ratio. The formation of 3-NT protein adducts was determined by
immunohistochemistry as described in Materials and methods. KC, Nrf2 knockout treated with
saline; KP, Nrf2 knockout treated with pyrazole; WC, WP, wild type treated with saline or
pyrazole, respectively.
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Fig. 5.
Effects of pyrazole on levels of hepatic GSH and TBARS. The levels of GSH and TBARS in
liver homogenates were determined as described in Materials and methods.
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Fig. 6.
Effects of SAM, vitamin C, and L-NAME on the elevated ALT and AST (A) and TBARS (B)
induced by pyrazole in Nrf2 knockout mice. SAM (50 mg/kg body wt) or vitamin C (125 mg/
kg body wt) were injected intraperitoneally every 12 h for 3 days; the mice were treated with
pyrazole (150 mg/kg body wt, ip) on days 2 and 3; L-NAME (100 mg/kg body wt) was injected
intraperitoneally once a day for 3 days; the mice were treated with pyrazole on days 2 and 3
as above. ** P<0.01, compared with the sal group; # P<0.05 and ## P<0.01, compared with
the Pyr group. Sal, saline; Pyr, pyrazole; Vc, vitamin C; SAM, S-adenosyl methionine; L-
NAME, N(omega)-Nitro-L-arginine methyl ester.
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Fig. 7.
Effects of pyrazole on p-nitrophenol (PNP) oxidation activity and CYP2E1 protein expression
(A), coumarin 7-hydroxylase activity and CYP2A5 protein expression (B), 7-Ethoxycoumarin-
O-deethylase (ECOD) activity (C) and catalase activity (D) in liver. Pyrazole (150 mg/kg body
wt) or saline was injected ip daily for 2 days and mice killed 24 h after the second injection of
pyrazole. Measurement of enzyme activities was carried out as described in MATERIALS
AND METHODS. ** P<0.01, compared with KC group; #P<0.05 and ## P<0.01, compared
with WC group.
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Fig. 8.
Effects of pyrazole on hepatic activity or expression of several oxidative/nitrosative stress
related enzymes. (A) The indicated enzyme expression was determined by western blotting
analysis as described in MATERIALS AND METHODS. Numbers below the blots refer to
the enzyme/β-actin ratio. (B) The activity of GST was determined as described in
MATERIALS AND METHODS. ** P<0.01, compared with KC group; && P<0.01, compared
with KP group; # P<0.05, compared with WC group. KC, Nrf2 knockout treated with saline;
KP, Nrf2 knockout treated with pyrazole; WC, WP, wild type treated with saline or pyrazole,
respectively.
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