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Cytochrome P450 2E1 Expression Induces Hepatocyte
Resistance to Cell Death from Oxidative Stress
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ABSTRACT

Increased expression of cytochrome P450 2E1 (CYP2E1) occurs in alcoholicliver disease, and leads to the he-
patocellular generation of toxic reactive oxygen intermediates (ROI). Oxidative stress created by CYP2E1
overexpression may promote liver cell injury by sensitizing hepatocytes to oxidant-induced damage from
Kupffer cell-produced ROI or cytokines. To determine the effect of CYP2E1 expression on the hepatocellular
response to injury, stably transfected hepatocytes expressing increased (S-CYP15) and decreased (AN-
CYP10) levels of CYP2E1 were generated from the rat hepatocyte line RALA255-10G. S-CYP1S5 cells had in-
creased levels of CYP2E1 as demonstrated by Northern blot analysis, immunoblotting, catalytic activity, and
increased cell sensitivity to death from acetaminophen. Death in S-CYP15 cells was significantly decreased
relative to that in AN-CYP10 cells following treatment with hydrogen peroxide and the superoxide generator
menadione. S-CYP15 cells underwent apoptosis in response to these ROI, whereas AN-CYP10 cells died by
necrosis. This differential sensitivity to ROI-induced cell death was partly explained by markedly decreased
levels of glutathione (GSH) in AN-CYP10 cells. However, chemically induced GSH depletion triggered cell
death in S-CYP15 but not AN-CYP10 cells. Increased expression of CYP2E1 conferred hepatocyte resistance
to ROI-induced cytotoxicity, which was mediated in part by GSH. However, CYP2E1 overexpression left cells
vulnerable to death from GSH depletion. Antioxid. Redox Signal. 4: 701-709.

INTRODUCTION

sults in increased production of superoxide and hydrogen per-
oxide (H,0,) (19). These activated oxygen species can react

THE CYTOCHROME P450s are a superfamily of hemopro-
teins that mediate the oxidative metabolism of numer-
ous endogenous and foreign compounds (16). Although many
of the individual cytochrome P450 enzymes have marked
species differences in their expression and catalytic activities,
the cytochrome P450 isoform 2E1 (CYP2E1) has been well
conserved in evolution, suggesting that it may perform vital
physiological functions (36). CYP2EI1 serves a particularly
important function in the liver, where this enzyme metabo-
lizes a number of hepatotoxins, including ethanol (23, 29). As
a component of the microsomal ethanol-oxidizing system,
CYP2EI1 oxidizes ethanol to the potentially toxic product
acetaldehyde (28). In addition, CYP2E1 has uncoupled
NADPH oxidase activity that, in the absence of substrate, re-

with and alter various cellular macromolecules, leading to
cellular injury and death.

CYP2EI is induced by ethanolin cultured hepatocytes (25),
and CYP2EI expression is increased in animals and humans
with alcoholic liver disease (ALD) (28, 42). Chronic ethanol
administration in rats also induces hepatic production of reac-
tive oxygen intermediates (ROI) (1, 32). Microsomes isolated
from ethanol-treated rats have increased superoxide, H,O,
and hydroxyl radical production, and enhanced lipid peroxi-
dation (12). The presence of CYP2EI induction in ALD, and
this enzyme’s ability to metabolize ethanol and generate ROI,
have suggested that CYP2E1 may play a mechanistic role in
the development of ALD (28). Support for this theory has
come from animal studies in which CYP2E1 induction has
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been correlated to increased oxidative stress and hepatocel-
lular injury (1, 15, 34, 39), and CYP2EI inhibition has been
demonstrated to prevent the development of ALD (35). How-
ever, studies in CYP2E1 knockout mice have suggested that
induction of CYP2E1 may not be causal in the development
of ALD (22). An alternative theory of the pathogenesis of
ethanol-induced hepatocyte injury implicates the production
of ROI and the cytokine tumor necrosis factor-o by Kupffer
cells, the resident liver macrophage (18, 24). The effect of in-
creased CYP2E1 expression in ethanol-induced injury to he-
patocytes therefore remains unclear.

Although the cellular responses to acute oxidative stress
have been well studied, little is known about adaptive changes
that occur in cells in response to chronic oxidative stress. In
the face of chronic ROI generation that occurs with sustained
CYP2EI1 overexpression, hepatocytes may up-regulate fac-
tors protective against oxidant-induced injury. Investigations
in a rat hepatoma cell line transfected with a CYP2E1 expres-
sion vector have demonstrated that CYP2El expression
sensitized these cells to an oxidant-induced apoptosis from
ethanol (43). However, transformed cell lines may differ from
normal cells in their antioxidant defenses (38), and the rele-
vance of these findings to nontransformed hepatocytes re-
mains unclear. As an alternative approach to determine the ef-
fects of CYP2E1 expression on the hepatocyte’s response to
injury, we established clones of a nontransformed, rat hepato-
cyte cell line with differential CYP2E1 expression. To test the
hypothesis that CYP2E1 expression may modulate hepato-
cyte injury from exogenous oxidant stress, we examined the
sensitivity of these cell lines to ROI-induced toxicity. Sur-
prisingly, expression of CYP2E1 conveyedresistance to ROI-
induced cell death. Rather than promoting cell injury and
death, increased CYP2El expression may to some extent
serve a beneficial effect by protecting hepatocytes from the
damage of oxidative stress.

MATERIALS AND METHODS

Cells and culture conditions

The rat hepatocyte cell line RALA255-10G (5) was cul-
tured in Dulbecco’s modified Eagle medium (Life Technolo-
gies, Rockville, MD, U.S.A.) supplemented with 4% fetal
bovine serum (Gemini BioProducts, Calabasas, CA, U.S.A.),
2 mM glutamine, and antibiotics (Life Technologies), as pre-
viously described (45). These cells are conditionally trans-
formed with a temperature-sensitive T antigen. At the permis-
sive temperature of 33°C, the cells express T antigen, remain
undifferentiated, and proliferate. Culture at the restrictive
temperature of 37°C suppresses T antigen expression, slows
growth, and allows differentiated hepatocyte gene expression
(5.9).

To establish cells with differential CYP2E1 expression,
RALA hepatocytes were transfected with pCI-neo expression
vectors (Promega, Madison, WI, U.S.A.) containing the
human CYP2E1 cDNA in either a sense or antisense orienta-
tion (the kind gift of Dr. A. Cederbaum) (37). Cells were
transfected using Lipofectamine Plus (Life Technologies) ac-
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cording to the manufacturer’s instructions. Clonal, stable
transfectants were selected in medium containing 400 pug/ml
G418 (Life Technologies).

For all experiments, the cells were cultured at 33°C until
confluent, trypsinized, and replated at 0.65 X 10° cells/dish
on 35-mm plastic dishes (Falcon, Becton-Dickinson, Lincoln
Park, NJ, U.S.A.). After 24 h, the medium was changed to
Dulbecco’s modified Eagle medium supplemented with 2%
fetal bovine serum, glutamine, antibiotics, and 1 uM dexa-
methasone, and the cells were placed at 37°C. Following 3
days of culture at 37°C, the cells received fresh serum-free
medium containing dexamethasone. Medium was supple-
mented with dexamethasone to optimize hepatocyte differen-
tiation as previously described (5). Cells were treated 20 h
after the addition of serum-free medium with acetaminophen
(I mM), H,0, (1.25 umol/10¢ cells), menadione (25 uM), or
diethyl maleate (300 uM). To increase cellular glutathione
(GSH) levels, cells were treated with 5 mM GSH ethyl ester
(Sigma, St. Louis, MO, U.S.A.) 1 h prior to treatment with
H,0, or menadione.

RNA isolation and Northern blot hybridization

RNA isolation was performed as previously described (6).
Steady-state mRNA levels were determined by Northern blot
hybridizations using samples of 20 pg of total RNA (6). The
membranes were hybridized with [32P]JdCTP (Perkin-Elmer
Life Sciences)-labeled cDNA clones for CYP2E1 (23) and
glyceraldehyde-3-phosphate dehydrogenase (41). The hy-
bridized filters were washed under stringent conditions (6).

Protein isolation and Western blot analysis

Transfected clones were screened for their levels of
CYP2EI1 expression by Western blotting. For protein isola-
tion, cells were scraped in medium and centrifuged. The cell
pellet was resuspended in lysis buffer containing 10 mM
HEPES (pH 7.4), 42 mM MgCl,, 1% Triton, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM EDTA, 1 mM dithiothreitol,
and 2 pg/ml pepstatin A, leupeptin, and aprotinin, and mixed
at 4°C for 30 min. After centrifugation, the supernatant was
collected and the protein concentration determined by the
Bio-Rad protein assay (Bio-Rad, Hercules, CA, U.S.A.).

Fifty micrograms of protein was resolved on 10% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis gels as
previously described (45). Membranes were stained with
Ponceau red to ensure equivalent amounts of protein loading
and electrophoretic transfer among samples. Rabbit anti-
CYP2EI1 polyclonal IgG, kindly provided by Dr. A. Ceder-
baum, was used as a primary antibody at a 1:1,000 dilution. A
goat anti-rabbit IgG conjugated with horseradish peroxidase
(GibcoBRL) was used as a secondary antibody at a 1:10,000
dilution. Proteins were visualized by chemiluminescence (Su-
persignal West Dura Extended, Pierce, Rockford, IL, U.S.A.).

Chlorzoxazone assay

Cells were cultured for 24 h following the addition of
200 uM chlorzoxazone (Sigma) alone, or together with 50 uM
4-methylpyrazole(Sigma). Tissue culture medium (1.5 ml) was
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diluted with 0.375 ml of water and incubated overnight at room
temperature with 200 units of Helix pomatia type H-1
B-glucuronidase (Sigma) dissolvedin 0.75 ml of 0.5 M sodium
acetate buffer (pH 5.0). The release of 6-hydroxychlorzoxa-
zone was determined by HPLC as previously described (4).
Standards with 2.5 pmol of 6-hydroxychlorzxazone were pre-
pared in tissue culture media. After incubation overnight,
3.5 pmol of the internal standard, 7-hydroxycoumarn, was
added to all tubes, and each was extracted with 7 ml of ethyl
acetate. The organic layer was transferred to clean tubes and
evaporated to dryness. Samples were resuspended in 200 wl of
HPLC mobile phase (79% 0.25% acetic acid and 21% acetoni-
trile). Metabolite and internal standard were resolved on a
C-18 Supelco column (150 X 4.6 mm) at a flow rate of
1.0 ml/min. The eluent was monitored at 296 nm.

MTT assay

The amount of cell death was determined by examining
cell number with the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay (28), as previously
described (44). The percentage of cell death was calculated
by taking the optical density of cells given a particular treat-
ment, dividing that number by the optical density for the un-
treated, control cells, subtracting the result from 1, and multi-
plying that number by 100.

Microscopic determination of apoptosis

The relative numbers of apoptotic and necrotic cells were
determined by fluorescent microscopy following costaining
with acridine orange and ethidium bromide (10), as previ-
ously described (45). The percentage of cells with apoptotic
morphology (nuclear and cytoplasmic condensation, nuclear
fragmentation, membrane blebbing, and apoptotic body for-
mation) was determined by examining >400 cells/dish. Cells
were counted as necrotic if they stained positive with ethid-
ium bromide.

GSH assay

Total cellular GSH was determined by the 5,5°-dithio-
bis(2-nitrobenzoic acid)-GSH disulfide recycling assay (3),
as previously described (46).

Statistical analysis

All numerical results are reported as means + SE and repre-
sent data from a minimum of three independent experiments.

RESULTS

Establishment of RALA hepatocyte cell lines with
differential CYP2EI expression

To establish a hepatocyte model for the purpose of investi-
gating the effects of chronic CYP2El overexpression, the
adult, rat, hepatocyte cell line RALA255-10G was trans-
fected with sense (S-CYP cells) and antisense (AN-CYP
cells) CYP2E1 expression vectors. The use of this cell line al-

703

WT

5 AN

CYP2ZEI

GAPD

FIG. 1. CYP2E1 mRNA content is increased in S-CYP15
cells. Autoradiograms are of Northern blot hybridizations of
20 pg of total RNA isolated from WT, S-CYP15 (S), and
AN-CYP10 (AN) cells hybridized with CYP2E1 and glycer-
aldehyde-3-phosphate dehydrogenase (GAPD) cDNAs as
indicated.

lowed studies to be performed in a nontransformed, differen-
tiated hepatocyte. Stable clonal transfectants were analyzed
by Western blotting with an anti-CYP2EI antibody, and a
sense-CYP2EI expressing clone S-CYP15 and an antisense
clone AN-CYP10 were selected for further study because of
their maximal differential CYP2EI expression. By Northern
blot analysis, S-CYP15 cells had a greater than fivefold in-
crease in CYP2E1 mRNA relative to wild-type (WT) RALA
hepatocytes (Fig. 1). Low levels of CYP2E1 mRNA were de-
tected in AN-CYP10 cells that may represent sense and/or an-
tisense CYP2E1 mRNA (Fig. 1). Levels of the constitutively
expressed glyceraldehyde-3-phosphate dehydrogenase gene
were similar in the three cell lines (Fig. 1). Similar to the
mRNA findings, CYP2E1 protein levels were increased
10-fold in S-CYPI15 cells as compared with WT cells,
whereas CYP2E1 protein was essentially undetectable in
AN-CYP10 cells (Fig. 2).

To insure that elevated levels of CYP2E1 protein resulted in
increased enzymatic activity, CYP2E1 catalytic activity was
assayed by the 6-hydroxylation of chlorzoxazone. S-CYPI15
cells had markedly increased chlorzoxazone metabolism com-
pared with WT and AN-CYPI10 cells (Table 1). This activity
was decreased 65% by addition of the CYP2EI inhibitor
4-methylpyrazole (Table 1). These data confirm that S-CYP15
cells express significantly higher levels of metabolically active
CYP2E1 than WT or AN-CYP10 cells. No significant chlor-
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FIG. 2. CYP2EI1 protein levels in WT, S-CYP15, and AN-
CYP10 cells. Total protein was isolated from the WT, S-CYP15
(S), and AN-CYP10 (AN) cell lines. Aliquots were subjected to
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
and immunoblotting was performed using an anti-CYP2E1 an-
tibody as described in Materials and Methods.
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TABLE 1. CYP2E1 CATALYTIC ACTIVITY ASSAYED BY THE
6-HYDROXYLATION OF CHLORZOXAZONE
6-OH-CZ

WT cells 0.04+0.03
S-CYP15 cells 0.97+£0.12
AN-CYP10 cells 0.11+0.05
S-CYP15 cells + 4-MP 0.33+0.05

Release of 6-hydroxychlormxazone (6-OH-CZ) was deter-
mined as described in Materials and Methods. Levels of 6-OH-
CZ are expressed as nmol/24 h/60-mm dish for the indicated
cell lines. Some S-CYPI15 cells were cotreated with 50 uM
4-methylpyrazole (4-MP). Data are the means + SE of three in-
dependent experiments done in duplicate.

zoxazone metabolism was detectable in WT or AN-CYPI10
cells (Table 1), despite the detection of CYP2E1 proteinin WT
cells by Western immunoblotting (Fig. 1).

Acetaminophen toxicity is affected
by CYP2E] expression

In addition to the demonstration of increased CYP2E1
expression by Northern analysis, Western blotting, and chlor-
zoxazone assay, CYP2E1 function was assessed by an exami-
nation of toxicity from the CYP2EIl-metabolized toxin,
acetaminophen. Studies in CYP2E1 knockout mice have
demonstrated that acetaminophen toxicity in hepatocytes is
mediated predominantly by CYP2EI-dependent metabolism
of acetaminophen to a toxic product (36). Treatment of the
three cell lines with 1 mM acetaminophen for 24 h demon-
strated that S-CYP15 cells were significantly more sensitive
to acetaminophen toxicity with an almost threefold increase
in cell death in these cells relative to AN-CYP10 cells
(Fig. 3). Despite the failure to find differences in chlorzoxa-
zone metabolism, but in keeping with the Western im-
munoblot evidence of increased CYP2EI expression in WT
cells as compared with AN-CYP10 cells, AN-CYPI10 cells
had a significant 36% decrease in cell death from aceta-
minophen when compared with WT cells (Fig. 3).
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FIG. 3. Levelsof acetaminophen-induced cell death correlate
with CYP2EI expression. WT, S-CYP15 (S), and AN-CYPI10
(AN) cells were treated with 1 mM acetaminophen, and the per-
centage of cell death relative to untreated controls was deter-
mined at 24 h by MTT assay. Data are from three independent
experiments, each done in duplicate.
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CYP2E] expression reduces hepatocyte sensitivity
to ROI-induced toxicity

Increased CYP2EI expression may promote liver cell in-
jury and death not through the generation of an oxidative
stress sufficient by itself to cause cell injury, but by weakening
antioxidantdefenses and making the cell susceptible to exoge-
nously produced ROI. To examine the effects of CYP2EI ex-
pression on hepatocyte sensitivity to ROI-induced cytotoxic-
ity, cell survival was determined in WT, S-CYPI15, and
AN-CYP10 cells after 24 h of treatment with H,O, or the su-
peroxide generator menadione. WT and S-CYP15 cells exhib-
ited similar toxicity to H,O,, whereas the amount of cell death
in AN-CYPI10 cells was increased approximately threefold
(Fig. 4). S-CYP15 cells were completely resistant to a mena-
dione concentration that led to virtually total AN-CYP10 cell
death and 41% cell loss in WT cells (Fig. 4). Cell death from
both H,0,- and superoxide-induced oxidative stress was there-
fore inhibited by increased CYP2E1 expression.

Previous studies have established that H,0, and menadione
induce an apoptotic cell death in WT RALA hepatocytes
(20). To determine whether increased AN-CYP10 cell sensi-
tivity to ROI-induced death was the result of apoptosis,
S-CYP15 and AN-CYP10 cells were costained with acridine
orange and ethidium bromide and examined under fluores-
cent microscopy for the presence of apoptosis and necrosis.
In untreated cells, overexpression of CYP2E1 was associated
with an increase in the number of apoptotic cells (Fig. 5). Six
hours after treatment with H,0,, the percentage of S-CYP15
cells undergoing apoptosis had increased threefold (Fig. 5),
consistent with previous findings that H,O, induced an apop-
totic cell death in WT cells (20). In contrast, AN-CYP10 cells
had a decreased number of apoptotic cells after H,O, treat-
ment, but a fourfold increase in the percentage of necrotic
cells (Fig. 5). Menadione treatment led to no increase in the
numbers of apoptotic or necrotic S-CYP15 cells (Fig. 5), con-
sistent with the absence of cell death in these cells by MTT
assay (Fig. 4). In AN-CYPI10 cells, menadione actually de-
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FIG. 4. CYP2E1 expression reduces hepatocyte cell death
from ROI. WT, S-CYP15 (S-CYP), and AN-CYP10 (AN-CYP)
cells were treated with H,0, or menadione (Men) as described
in Materials and Methods. The percentage of cell death was de-
termined at 24 h relative to untreated controls by MTT assay.
Results are from three independentexperiments, with duplicate
dishes for each data point.
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FIG. 5. Decreased CYP2EI expression in hepatocytes con-
verts ROI-induced cell death from apoptosis to necrosis.
S-CYP15 (S-CYP) and AN-CYP10 (AN-CYP) cells were un-
treated (C), or treated with H,0, (H) or menadione (M). The
percentages of apoptotic and necrotic cells were determined at
8 h by fluorescentcostaining with acridine orange and ethidium
bromide as described in Materials and Methods. Data are from
three independent experiments, each with duplicate dishes for
every data point.

creased the numbers of apoptotic cells by 70%, whereas a
fourfold increase in the percentage of necrotic cells occurred
(Fig. 5). This induction of necrosis in AN-CYP10 cells by
menadione contrasted with prior findings of a menadione-
induced apoptosis in WT cells (20). AN-CYP10 cells there-
fore had not only an increased sensitivity to H,0, and mena-
dione toxicity, but also a conversion of ROI-induced cell
death from apoptosis to necrosis.

CYP2E] expression regulates hepatocyte
levels of GSH

Cellular defenses against ROI-induced toxicity include
antioxidant enzymes and nonenzymatic antioxidants, particu-
larly GSH. The increased sensitivity of AN-CYP10 cells to
H,0,- and menadione-induced cytotoxicity implied the exis-
tence of a relative deficiency in antioxidant defenses in AN-
CYP10 cells as compared with WT and S-CYP15 cells. Lev-
els of GSH, the principal nonenzymatic antioxidant in
hepatocytes, were determined in the three cell lines. WT and
S-CYP15 cells had equivalent levels of GSH, whereas GSH
levels in AN-CYP10 cells were decreased 65% relative to WT
and S-CYP15 cells (Fig. 6).

Effects of GSH supplementation and depletion on
cell death

To evaluate the mechanistic involvement of decreased
GSH levels in sensitizing AN-CYP10 cells to ROI-induced
toxicity, the effect of GSH supplementation on ROI-induced
AN-CYP10 cell death was determined. AN-CYP10 cells were
pretreated with GSH ethyl ester, a cell-permeable form of
GSH (2), 1 h prior to H,0, or menadione administration. The
percentage of cell death at 24 h measured by MTT assay was
similar in H,0,-treated cells with and without GSH supple-
mentation (Fig. 7). However, GSH pretreatment caused a
ninefold reduction in cell death from menadione (Fig. 7). The
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FIG. 6. AN-CYPIO0 cells have decreased GSH levels. Total
cellular GSH levels were determined in untreated WT,
S-CYP15 (S), and AN-CYP10 (AN) cells as described in Mate-
rials and Methods. Data are from three independent experi-
ments, each with duplicate dishes for every condition.

reductionin cellular GSH levels in AN-CYP10 cells therefore
played a role in their sensitization to menadione, but not
H,0,-induced cytotoxicity.

Although S-CYP15 cells maintained cellular GSH levels
equivalentto those in WT cells, overexpression of this proox-
idant enzyme could leave S-CYP15 cells vulnerable to death
upon depletion of their antioxidant defenses. To evaluate this
possibility, WT, S-CYP15, and AN-CYP10 cells were treated
with 300 uM diethyl maleate, a concentration of this GSH de-
pleter previously demonstrated to resultin a 90% decrease in
RALA hepatocyte levels of GSH (46). This reduction in GSH
induced 95 + 3.5% cell death in S-CYP15 cells as determined
at 24 h by MTT assay. In contrast, WT and AN-CYP10 cells
tolerated this decrease in GSH with no induction of cell
death. These data demonstrate that survival of CYP2EI-
overexpressing cells was dependent on the maintenance of
adequate stores of GSH.

S-CYP15 cell resistance to ROI-induced
toxicity is not due to clonal variation

To insure that the findings in S-CYP15 and AN-CYP10
cells were due to their differential levels of CYP2EL expres-
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FIG. 7. GSH supplementation prevents menadione- but not
H,0,-induced cell death in AN-CYP10 cells. AN-CYP10 cells
were untreated (— GSH) or pretreated for 1 h with 5 mM GSH
(+ GSH) prior to the addition of H,0, or menadione (Men). The
percentage of cell death relative to untreated controls was de-
termined at 24 h by MTT assay. Data are from three indepen-
dent experiments, with duplicate dishes for each condition.
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sion, and not the result of nonspecific clonal differences, two
additional sets of S-CYP and AN-CYP clones were investi-
gated. Experiments were performed in S-CYP7 and AN-
CYP9 cells, which by Western immunoblotting had increased
and decreased CYP2E1 expression, respectively, relative to
WT cells, and S-CYP10 and AN-CYP7 cells, which despite
transfection and antibiotic selection had CYP2E1 protein lev-
els equal to WT cells (data not shown). Identical to findings
in S-CYP15 and AN-CYP10 cells, AN-CYP9 cells were sig-
nificantly more sensitive to H,0,- and menadione-induced
death than WT and S-CYP7 cells (Table 2). S-CYP7 cells
also had markedly increased resistance to menadione toxicity
compared with WT cells (Table 2). S-CYP7 cells were more
sensitive, and AN-CYP9 cells more resistant, to aceta-
minophen toxicity relative to WT cells (Table 2). Finally,
S-CYP7 cells had GSH levels equivalent to WT cells,
whereas GSH content in AN-CYP9 cells was decreased 64%
(Table 2). In contrast, there was no differential resistance to
H,0,, menadione, or acetaminophen toxicity in S-CYP10 and
AN-CYP7 cells, which have levels of CYP2E1 unchanged
from WT cells (Table 2). Thus, the critical findings relating
CYP2EI expression to sensitivity to cell death and GSH con-
tent described in the S-CYP15 and AN-CYP10 cells lines
were substantiated by similar results in two additional cell
lines, S-CYP7 and AN-CYP9. In addition, the fact that these
results specifically relate to CYP2E1 expression and not
clonal artifact was further demonstrated by the finding that
two cell lines, S-CYP10 and AN-CYP7, which have CYP2E1
levels equivalent to WT cells, underwent death responses
similar to WT cells.

DISCUSSION

CYP2EI’s capacity to metabolize ethanol (29), ability to
generate toxic ROI (12), and increased expressionin ALD (28,
42) have suggested that ethanol’s induction of CYP2EI ex-
pression may produce an oxidative stress leading to hepato-
cyte injury and ultimately ALD (28). This theory has been
supported by in vivo studies in which chemical inhibition of
CYP2ELI activity has prevented ALD in rats (35), but contra-
dicted by studies that demonstrated that WT and CYP2E1
knockout mice were equally susceptible to the development of
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ALD (22). These divergent findings may be explained by
species differences, the nonspecific activity of the CYP2E1
inhibitor, or the induction of other compensatory cytochrome
P450 enzymes in CYP2E1 knockout mice. Although CYP2E1
overexpressionhas been studied in a hepatoma cell line (7, 33,
43), a full understanding of the hepatic effects of increased
CYP2ELI levels has required an in vitro model of stable, in-
creased CYP2E1 expression in a nontransformed, differenti-
ated hepatocyte. Using RALA255-10G cells, we have estab-
lished such cell lines with differential CYP2E1 expression. Of
note is that WT cells had low levels of CYP2EI expression by
western blot analysis. Although these cells had no detectable
CYP2ELI activity by chlorzoxazone assay, this failure to dem-
onstrate catalytic activity may reflect insufficient sensitivity
of this assay. Alternatively, a significant proportion of the
chlorzoxazone metabolite may have remained intracellular
and was therefore unmeasured. Supportive of the western blot
findings of increased CYP2E1 expressionin WT as compared
with AN-CYP cells was the fact that WT cells did display in-
creased susceptibility to the CYP2E1-dependent toxin aceta-
minophen as compared with AN-CYP cells.

The effect of CYP2E1 expression on cell injury from an
exogenous oxidative stress was examined. In ALD, CYP2E1-
expressing hepatocytes are exposed to such oxidants from ac-
tivated Kupffer cells and neutrophils that constitute the ac-
companying inflammatory response (40). Expression of
CYP2El in RALA hepatocytes decreased rather than in-
creased sensitivity to ROI-induced cell death. Resistance to
menadione-induced cell toxicity in particular strongly corre-
lated with increased CYP2E1 expression. Not only were AN-
CYP10 cells more sensitive to menadione, but also S-CYP15
cells were significantly more resistant than WT cells. Prior
investigations of CYP2E1 expressionin HeLa cells had dem-
onstrated a twofold reduction in menadione toxicity in cells
expressing CYP2E1 (17). Recent studies in CYP2EI-
expressing hepatoma cells have also shown that CYP2EI in-
creased cellular resistance to oxidant-induced death (33).
Thus, studies in several cell models all support the concept
that chronic CYP2E1 expression protects against exogenous
oxidants.

Studies of the mechanism by which CYP2E1 inducedresis-
tance to ROI toxicity revealed that inhibition of CYP2E1 ex-
pression led to a marked reduction in levels of the antioxidant

TABLE 2. PERCENTAGE OF CELL DEATH AFTER INJURY, AND GSH CONTENT IN WT RALA AND ADDITIONAL
SENSE AND ANTISENSE CYP2E1 CLONES

Percentage of cell death

H,0, Men APAP [GSH]
WT 26.5+£5.7 33.0£83 24819 30.1+24
S-CYP7 28.8+1.8 28+1.1 38.1+£2.2 28.1+1.8
AN-CYP9 51.6+3.7 97.6+1.6 12.3+£0.4 10.8+ 1.0
S-CYP10 343+£39 45.0+x34 27.0x1.7 ND
AN-CYP7 29.8+£6.0 352+4.1 25.5+£2.6 ND

The percentage of cell death was determined by MTT assay 24 h after treatment with H,O

,0,, menadione (Men), or aceta-

minophen (APAP). The GSH concentration ([GSH]) is in nmol/mg of protein. Results are means + SE from three independentex-

periments each with duplicate dishes. ND, not determined.
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GSH. Surprisingly, rather than causing a continuous oxida-
tive stress that resulted in GSH depletion, CYP2EI expres-
sion actually helped maintain cellular GSH levels. AN-CYP
cells had reduced GSH levels, whereas WT and S-CYP cells
had equivalent amounts. Although it is well known that an
acute oxidative stress induces increased GSH production (30),
the present studies are novel in their demonstration that con-
stitutive cellular expression of a prooxidant enzyme can be
essential for the maintenance of hepatocyte GSH content. Ad-
ditional evidence of the ability of CYP2E1 to regulate GSH
comes from recent investigations in the hepatocellular carci-
noma cell line HepG2, where expression of CYP2E1 stimu-
lated GSH synthesis (31).

The reduction in GSH in AN-CYP cells partially explained
their increased sensitivity to ROI-induced cell death. GSH
supplementation prevented AN-CYP10 cell death from mena-
dione, but was ineffective against H,O,-induced cell death.
Although H,0, and superoxide are both ROI, we have previ-
ously demonstrated that H,O0, and menadione induce apopto-
sis in WT RALA hepatocytes through different cell death
pathways (20). The failure of GSH supplementation to pre-
vent H,0,-induced death implies that cytoprotective factors
other than GSH must be up-regulated in S-CYP cells. Addi-
tional evidence of this fact is that S-CYP15 cells were signif-
icantly more resistant to menadione toxicity than WT cells
despite their virtually identical GSH levels. These data indi-
cate that some CYP2E1 expression is necessary to maintain
normal GSH content in RALA hepatocytes, but increased
CYP2E!1 levels up-regulate other antioxidant factors. One
such factor may be heat shock protein 70, which is overex-
pressed in S-CYP15 cells as compared with WT and AN-
CYPI10 cells (M.]. Czaja, unpublished data).

In addition to their increased sensitivity to ROI-induced
cell death, AN-CYP10 cells underwent a death that was
necrotic rather than apoptotic. Prior studies in nonhepatic
cells have demonstrated that cell death can be converted from
apoptosis to necrosis by reductions in cellular ATP (27), in-
creases in the amount of oxidative stress (11), or caspase in-
hibition (21). It is possible that the low levels of GSH in AN-
CYP10 cells in effect raised their relative level of oxidative
stress and allowed it to interfere with ATP generation, thereby
converting cell death from apoptosis to necrosis.

Despite the increased resistance of S-CYP15 cells to ROI-
induced cell death, overexpression of CYP2E1 clearly had
detrimental effects on RALA hepatocytes as well. As dis-
cussed previously, S-CYP15 cells were unable to survive an
acute and marked depletion of their GSH. Presumably their
higher constitutive level of oxidative stress became toxic
when they were rapidly deprived of their principal, nonenzy-
matic antioxidant. Long-term ethanol treatment in rats leads
to selective depletion of mitochondrial GSH in addition to the
induction of CYP2E1 (13, 14). The combination of increased
CYP2E1 expression and GSH depletion may result in
oxidant-induced hepatocyte death in ALD. In addition, un-
treated S-CYP15 cells had higher levels of apoptotic and es-
pecially necrotic cells on fluorescent microscopy than did
AN-CYP10 cells. At this time point, the cells had been in cul-
ture in serum-free medium for slightly more than 24 h. This
high basal level of apoptosis/necrosis may reflect increased
sensitivity to the lack of serum because these levels can be
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decreased by continuing to culture the cells in serum (M.J.,
Czaja, unpublished data). CYP2E1 overexpression may there-
fore be harmful to the cell at times of profound GSH deple-
tion or nutrientdeprivation as occur in ALD.

These investigations suggest that the effects of CYP2E1
expression on hepatocellular injury and cell death pathways
are complex. Stable expression of this enzyme increases he-
patocellular antioxidant defenses such as GSH presumably
from the stimulation provided by an increased level of oxi-
dant stress. CYP2E1 overexpression may then be an adaptive
response that is initially protective to the cell. CYP2E1 over-
expression by itself is unlikely to sensitize hepatocytes to
Kupffer cell-produced ROI. Only when CYP2E1 overexpres-
sion is compounded by other factors, such as GSH depletion
or nutrient deprivation, does this enzyme promote hepatocyte
death. Overexpression of this prooxidant enzyme may there-
fore either inhibit or promote cell death depending on the
physiological setting.

ACKNOWLEDGMENTS

This work was supported by a grant from the Alcoholic Bev-
erage Medical Research Foundation, National Institutes of
Health grants DK-61498 (M.J.C.) and AA-08608 (D.R.K.), an
Australian National Health and Medical Council Research
Scholarship (B.E.J.), and an American Digestive Health Foun-
dation Astra/Merck Fellowship/Faculty Transition Award
(B.E.J.). We thank Tanya Hudson for technical help, Amelia
Bobe for her secretarial assistance, Arthur Cederbaum for the
CYP2E1 expression vectors, the anti-CYP2EI antibody, and his
advice, and Janice Chou for providing the RALA255-10G cells.

ABBREVIATIONS

ALD, alcoholic liver disease; CYP2E1, cytochrome P450
2E1; GSH, glutathione; H202, hydrogen peroxide; MTT,
3-(4,5-dimethylthiazd-2-yl)-2,5-diphenyletrazolium bromide;
RO, reactive oxygen intermediates; WT, wild-type.

REFERENCES

1. Albano E, Clot P, Morimoto M, Tomasi A, Ingelman-
Sundberg M, and French SW. Role of cytochrome
P4502E1-dependent formation of hydroxyethyl free radi-
cal in the development of liver damage in rats intragasti-
cally fed with ethanol. Hepatology23: 155-163, 1996.

2. Anderson ME. Tissue glutathione. In: CRC Handbook of
Methods for Oxygen Radical Research, edited by Green-
wald RA. Boca Raton, FL: CRC Press, 1985, pp. 317-323.

3. Anderson ME, Powrie E Puri RN, and Meister A. Glu-
tathione monoethyl ester: preparation, uptake by tissues,
and conversion to glutathione. Azgh RBiochem Bignhys 239:
538-548, 1985.

4. Barmada S, Kienle E, and Koop DR. Rabbit P450 2E1 ex-
pressed in CHO-KI1 cells has a short half-life. Biochem

Bionhys Res Conmun 206: 601-607, 1995.



708

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Chou JY. Temperature sensitive adult liver cell line depen-
dent on glucocorticoid for differentiation. Mol Cell Biol 3:
1013-1020, 1983.

. Czaja MJ, Weiner FR, and Freedman JH. Amplification of

the metallothionein-1 and metallothionein-2 genes in
copper-resistant hepatoma cells. J Cell Physiol 147: 434—
438,1991.

. Dai Y, Rashba-Step J, and Cederbaum Al. Stable expres-

sion of human cytochrome P4502E1 in HepG2 cells: char-
acterization of catalytic activities and production of reac-
tive oxygen intermediates. Biochemistry 32: 6928-6937,
1993.

. Denizat F and Lang R. Rapid colorimetric assay for cell

growth and survival. [ lumupol Mcthods 89: 271-277,
1986.

. Diehl AM, Johns DC, Yang S, Lin H, Yin M, Matelis

LA, and Lawrence JH. Adenovirus-mediated transfer of
CCAAT/enhancer-binding protein-alphaidentifies a domi-
nant anti-proliferative role for this isoform in hepatocytes.
J Biol Chem 271:7343-7350, 1996.

Duke RC and Cohen JJ. Morphological and biochemical
assays of apoptosis. In: Current Protocols in Immunology,
edited by Coligan JE, Kruisbeek AM, Margulies DH,
Shevock EM, and Strober W. New York, NY: Wiley &
Sons, 1992, pp. 3.17.1-3.17.16.

DypbuktJM, Ankarcrona M, Burkitt M, Sjoholm A, Strom
K, Orrenius S, and Nicotera P. Different prooxidant levels
stimulate growth, trigger apoptosis, or produce necrosis of
insulin-secreting RINmSF cells. J Biol Chem 48: 30553—
30560, 1994.

Ekstrom G and Ingelman-Sundberg M. Rat liver microso-
mal NADPH-supported oxidase activity and lipid peroxi-
dation dependent on ethanol-inducible cytochrome P-450
(P-45011E1). Bigchem Pharmacol 38: 1313-1319, 1989.
Fernandez-Checa JC, Garcia-Ruiz C, Ookhtens M, and
Kaplowitz N. Impaired uptake of glutathione by hepatic
mitochondria from chronic ethanol-fed rats. J Clin Invest

20.

21.

22.

23.

24.

25.

26.

27.

JONES ET AL.

ethanol-inducble and other forms of rabbit liver microso-
mal cytochromes P-450. J Biol Chem 259: 6447-6458,
1984.

Jones BE, Lo CR, Lui H, Pradhan Z, Garcia L, Srinivasan
A, Valentino KL, and Czaja MJ. Role of caspases and NF-
kB signaling in hydrogen peroxide- and superoxide-
induced hepatocyte apoptosis. diliemimiaiariiimdsiiaintost
Liver Physiol 278: G693-G699, 2000.

Kawahara A, Ohsawa Y, Matsumura H, Uchiyama Y, and
Nagata S. Caspase-independent cell killing by Fas-
associated protein with death domain. J_Cell Biol 143:
1353-1360, 1998.

Kono H, Bradford BU, Yin M, Sulik KK, Koop DR, Peters
JM, Gonzalez FJ, McDonald T, Dikalova A, Kadiiska MB,
Mason RP, and Thurman RG. CYP2EI is not involved in
early alcohol-induced liver injury. Am_J Physiol 277:
G1259-G1267, 1999.

Koop DR, Morgan ET, Tarr GE, and Coon MJ. Purification
and characterization of a unique isozyme of cytochrome
P-450 from liver microsomes of ethanol-treated rabbits. J
Biol Chem 257: 8472-8480, 1982.

Koop DR, Klopfenstein B, Iimuro Y, and Thurman RG.
Gadolinium chloride blocks alcohol-dependent liver toxic-
ity in rats treated chronically with intragastric alcohol de-
spite the induction of CYP2E1. Mol Pharmacol 51: 944—
950, 1997.

Kostrubsky VE, Strom SC, Wood SG, Wrighton SA, Sin-
clair PR, and Sinclair JE Ethanol and isopentanolincrease
CYP3A and CYP2E in primary cultures of human hepato-
cytes. Axch Biochen Biophys 322: 516520, 1995.

Lee SST, Buters JTM, Pineau T, Fernandez-Salguero P,
and Gonzalez FJ. Role of CYP2EI in the hepatotoxicity of
acetaminophen.J Biol Chem 271: 1206312067, 1996.
Leist M, Single B, Castoldi AE, Kuhnle S, and Nicotera P.
Intracellular adenosine triphosphate (ATP) concentration:
a switch in the decision between apoptosis and necrosis. J
Exp Med 185: 1481-1486, 1997.

87:397-405,1991.

Fernandez-Checa JC, Kaplowitz N, Garcia-Ruiz C, Colell
A, Miranda M, Mari M, Ardite E, and Morales A. GSH
transport in mitochondria: defense against TNF-induced
oxidative stress and alcohol-induced defect. Am_J Physiol
273: G7-G17, 1997.

French SW, Wong K, Jui L, Albano E, Hagbjork AL, and
Ingelman-Sundberg M. Effect of ethanol on cytochrome
P450 2E1 (CYP2E1), lipid peroxidation, and serum pro-
tein adduct formation in relation to liver pathology patho-
genesis. Exp Mol Pathol 58: 61-75, 1993.

Gonzalez FJ. The molecular biology of cytochrome P450s.
Pharmacol Rev 40: 243248, 1988.

Huan JY and Koop DR. Tightly regulated and induc-
ible expression of rabbit CYP2E1 using a tetracycline-
controlled expression system. uug Meigh Disnos 27:
549-554,1999.

Iimuro Y, Gallucci RM, Luster MI, Kono H, and Thurman
RG. Antibodies to tumor necrosis factor alfa attenuate he-
patic necrosis and inflammation caused by chronic expo-
sure to ethanolin the rat. Hepatology 26: 1530-1537, 1997.
Ingelman-Sundberg M and Johansson I. Mechanisms of
hydroxyl radical formation and ethanol oxidation by

28.

29.

30.

31.

32.

33.

34.

Lieber C. Metabolism of alcohol: an update. In: Alcoholic
Liver Disease, edited by Hall P. London: Edward Arnold,
1995, pp. 17-40.

Lieber CS and DeCarli LM. Hepatic microsomal ethanol-
oxidizing system. J Biol Chem 245:2505-2512, 1970.

Lu SC. Regulation of hepatic glutathione synthesis: cur-
rent concepts and controversies. FASEB J 13: 1169-1183,
1999.

Mari M and Cederbaum AI. CYP2E1 overexpression in
HepG2 cells induces glutathione synthesis by transcrip-
tional activation of y-glutamylcysteine synthetase. J Biol
Chem 275:15563-15571,2000.

Moncada C, Torres V, Varghese G, Albano E, and Israel Y.
Ethanol-derived immunoreactive species formed by free
radical mechanisms. Mol Pharmacol 46: 786-791, 1994.
Montserrat M and Cederbaum AI. Induction of catalase,
alpha, and microsomal glutathione S-transferasein CYP2E1
overexpressing HepG2 cells and protection against short-
term oxidative stress. Hepatology 33: 652-661,2001.
Morimoto M, Zern MA, Hagbjork AL, Ingelman-Sund-
berg M, and French SW. Fish oil, alcohol, and liver pathol-

ogy: role of cytochrome P450 2E1. RragSac kan Bigl Med
207:197-205, 1994.



CYP2E1-INDUCED RESISTANCE TO CELL DEATH

35.

36.

37.

38.

39.

40.

41.

Morimoto M, Hagbjork AL, Wan YJ, Fu PC, Clot P, Al-
bano E, Ingelman-Sundberg M, and French SW. Modula-
tion of experimental alcohol-induced liver disease by
cytochrome P450 2E1 inhibitors. Hepatology 21: 1610—
1617, 1995.

Nelson DR, Kamataki T, Waxman DJ, Guengerich FP, Es-
tabrook RW, Feyereisen R, Gonzalez FJ, Coon MJ,
Gunsalus IC, Gotoh O, Okuda K, and Nebert DW. The
P450 superfamily: update on new sequences, gene map-
ping, accession numbers, early trivial names of enzymes,
and nomenclature. DNA Cell Biol 12: 1-51, 1993.

Nieto N, Friedman SL, Greenwel P, and Cederbaum Al.
CYP2E1-mediated oxidative stress induces collagen type
1 expression in rat hepatic stellate cells. Hepatology 30:
987-996, 1999.

Oberley LW and Buettner GR. Role of superoxide dismu-
tase in cancer: a review. Cancer Res 39: 1141-1149, 1979.
Takahashi H, Johansson I, French SW, and Ingelman-
Sundberg M. Effects of dietary fat composition on activi-
ties of the microsomal ethanol oxidizing system and
ethanol-inducible cytochrome P450 (CYP2EL1) in the liver
of rats chronically fed ethanol. Bhgrmgcol Toxicol 70:
347-352,1992.

Thurman RG. Mechanisms of hepatic toxicity II. Alco-
holic liver injury involves activation of Kupffer cells by
endotoxin. Am J Physiol 275: G605-G611, 1998.

Tso JY, Sun XH, Kao TH, Reece KS, and Wu R. Isolation
and characterization of rat and human glyceraldehyde-3-
phosphate dehydrogenase cDNAs: genomic complexity

and molecular evolution of the gene. NucleicAcids Res 13:
2485-2502, 1985.

42

43.

44,

45.

46.

709

. Tsutsumi M, Lasker JM, Shimizu M, Rosman AS, and
Lieber CS. The intralobular distribution of ethanol-
inducible P4501IIE1 in rat and human liver. Hepatology 10:
437-446, 1989.

Wu D and Cederbaum Al. Ethanol cytotoxicity to a trans-
fected HepG2 cell line expressing human cytochrome
P4502E1. J Biol Chem 271:23914-23919, 1996.

Xu J, Xu'Y, Nguyen Q, Novikoff PM, and Czaja MJ. The
induction of hepatoma cell apoptosis by c-myc requires
zinc and occurs in the absence of DNA fragmentation. Am
J Physiol 270: G60-G70, 1996.

Xu Y, Bialik S, Jones BE, Iimuro Y, Kitsis RN, Srinivasan
A, Brenner DA, and Czaja MJ. NF-kB inactivation con-
verts a hepatocyte cell line TNF-a response from prolifer-
ation to apoptosis. Am_J Physiol 275: C1058-C1066,
1998.

Xu'Y, Jones BE, Neufeld DS, and Czaja MJ. Glutathione
modulates rat hepatocyte sensitivity to tumor necrosis

factor-a toxicity. Gasigenteralooy 1. 1229-1237,1998.

Address reprint requests to:

Mark J. Czaja, M.D.

Marion Bessin Liver Research Center
Albert Einstein College of Medicine
1300 Morris Park Avenue

Bronx, NY 10461

E-mail: czaja@aecom.yu.edu

Received for publication July 5, 2001; accepted September 13,

20

01.



Thisarticle has been cited by:

1. Anwar Jamal Khan, Amit Sharma, Gourdas Choudhuri, Devendra Parmar. 2011. Induction of blood
lymphocyte cytochrome P450 2E1 in early stage alcoholic liver cirrhosis. Alcohol 45:1, 81-87.
[CrossRef]

2.Kuo-Hsin CHEN, Ping-Chia LI, Wei-Hsiang LIN, Chiang-Ting CHIEN, Boon-Hua LOW. 2011.
Depression by a Green Tea Extract of Alcohol-Induced Oxidative Stress and Lipogenesisin Rat Liver.
Bioscience, Biotechnology, and Biochemistry 75:9, 1668-1676. [ CrossRef]

3. Carl D. Davis, Umesh M. HanumegowdaThe Role of Drug Metabolism in Toxicity . [ CrossRef]

4. Narci C. Teoh, Shivakumar Chitturi, Geoffrey C. FarrellLiver Disease Caused by Drugs 1413-1446.
[CrossRef]

5. Robert Hanczko, David R. Fernandez, Edward Doherty, Yueming Qian, Gyorgy Vas, Brian Niland,
Tiffany Telarico, Adinoyi Garba, Sanjay Banerjee, Frank A. Middleton, Donna Barrett, Maureen
Barcza, Katalin Banki, Steve K. Landas, Andras Perl. 2009. Prevention of hepatocarcinogenesis and
increased susceptibility to acetaminophen-induced liver failure in transaldolase-deficient mice by N-
acetylcysteine. Journal of Clinical Investigation 119:6, 1546-1557. [ CrossRef]

6. ErinM. McCartney, LjiljanaSemendric, KarlaJ. Helbig, Susan Hinze, Brett Jones, Steven A. Weinman,
Michael R. Beard. 2008. Alcohol Metabolism Increases the Replication of Hepatitis C Virus and
Attenuates the Antiviral Action of Interferon. The Journal of Infectious Diseases 198:12, 1766-1775.
[CrossRef]

7.Qin Pan, Zhong-Bing Zhang, Xin Zhang, Jian Shi, Yue-Xiang Chen, Ze-Guang Han, Wei-Fen Xie.
2007. Gene Expression Profile Analysis of the Spontaneous Reversal of Rat Hepatic Fibrosis by cDNA
Microarray. Digestive Diseases and Sciences 52:10, 2591-2600. [ CrossRef]

8. Haithem Chtioui, David Semela, Monika Ledermann, Arthur Zimmermann, Jean-Frangois Dufour.
2007. Expression and activity of the cytochrome P450 2E1 in patients with nonal coholic steatosis and
steatohepatitis. Liver International 27:6, 764-771. [ CrossRef]

9. Lucrecia Marquez-Rosado, Cristina Trejo-Solis, Maria del Pilar CabralessRomero, Evelia Arce-
Popoca, Adolfo Sierra-Santoyo, Leticia Aleméan-Lazarini, Samia Fatel-Fazenda, Claudia E. Carrasco-
Legleu, Sall VillaTrevifio. 2007. Co-carcinogenic effect of cyclohexanol on the development of
preneoplastic lesions in a rat hepatocarcinogenesis model. Molecular Carcinogenesis 46:7, 524-533.
[CrossRef]

10. Rgjat Singh, Mark J Czaja. 2007. Regulation of hepatocyte apoptosis by oxidative stress. Journal of
Gastroenterology and Hepatol ogy 22:s1, $45-$48. [ CrossRef]

11. Chong Shen, Guoliang Zhang, Qin Meng. 2007. Anin vitro model for long-term hepatotoxicity testing
utilizing rat hepatocytes entrapped in micro-hollow fiber reactor. Biochemical Engineering Journal
34:3, 267-272. [CrossRef]

12. Hiroyoshi Toyoshiba, Hideko Sone, Takeharu Yamanaka, Frederick M. Parham, Richard D. Irwin,
Gary A. Boorman, Christopher J. Portier. 2006. Gene interaction network analysis suggests differences
between high and low doses of acetaminophen. Toxicology and Applied Pharmacology 215:3, 306-316.
[CrossRef]

13. CSHEN, G ZHANG, H QIU, Q MENG. 2006. A cetaminophen-induced hepatotoxicity of gel entrapped
rat hepatocytes in hollow fibers. Chemico-Biological Interactions 162:1, 53-61. [CrossRef]

14. Michael R Beard, Brett E Jones. 2006. Hepatitis C virus and oxidative stress. a dangerous liaison.
Future Virology 1:2, 223-232. [ CrossRef]

15. Lin-linL1U, Li-kun GONG, Xin-ming QI, Y an CAl, Hui WANG, Xiong-fei WU, Ying XIAQ, Jin REN.
2005. Altered expression of cytochrome P450 and possible correlation with preneo plastic changesin
early stage of rat hepatocarcinogenesis. Acta Pharmacologica Snica 26:6, 737-744. [ CrossRef]


http://dx.doi.org/10.1016/j.alcohol.2010.08.007
http://dx.doi.org/10.1271/bbb.110163
http://dx.doi.org/10.1002/9780470571224.pse120
http://dx.doi.org/10.1016/B978-1-4160-6189-2.00086-X
http://dx.doi.org/10.1172/JCI35722
http://dx.doi.org/10.1086/593216
http://dx.doi.org/10.1007/s10620-006-9676-1
http://dx.doi.org/10.1111/j.1478-3231.2007.01524.x
http://dx.doi.org/10.1002/mc.20295
http://dx.doi.org/10.1111/j.1440-1746.2006.04646.x
http://dx.doi.org/10.1016/j.bej.2006.12.010
http://dx.doi.org/10.1016/j.taap.2006.03.009
http://dx.doi.org/10.1016/j.cbi.2006.05.005
http://dx.doi.org/10.2217/17460794.1.2.223
http://dx.doi.org/10.1111/j.1745-7254.2005.00737.x

16. J#rn M. Schattenberg, Y ongjun Wang, RainaM. Rigoli, DennisR. Koop, Mark J. Czagja. 2004. CY P2E1
overexpression alters hepatocyte death from menadione and fatty acids by activation of ERK1/2
signaling. Hepatology 39:2, 444-455. [ CrossRef]

17. Hartmut Jaeschke . 2002. Redox Considerations in Hepatic Injury and Inflammation. Antioxidants &
Redox Sgnaling 4:5, 699-700. [Citation] [Full Text PDF] [Full Text PDF with Links]


http://dx.doi.org/10.1002/hep.20067
http://dx.doi.org/10.1089/152308602760598837
http://online.liebertpub.com/doi/pdf/10.1089/152308602760598837
http://online.liebertpub.com/doi/pdfplus/10.1089/152308602760598837

