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The ethanol-inducible cytochromeP4502E1 (CYP2E1) is also
induced under different pathological and physiological condi-
tions. Studies including ours have shown that CYP2E1 is bimo-
dally targeted to both the endoplasmic reticulum (microsomes)
(mc CYP2E1) and mitochondria (mt CYP2E1). In this study we
investigated the role of mtCYP2E1 in ethanol-mediated oxida-
tive stress in stable cell lines expressing predominantly mt
CYP2E1 or mc CYP2E1. The ER� mutation (A2L, A9L), which
increases the affinity of the nascent protein for binding to the
signal recognition particle, preferentially targets CYP2E1 to the
endoplasmic reticulum. The Mt� (L17G) and Mt�� (I8R,
L11R, L17R) mutant proteins, showing progressively lower
affinity for signal recognition particle binding, were targeted to
mitochondria at correspondingly higher levels. The rate of GSH
depletion, used as a measure of oxidative stress, was higher in
cells expressing Mt�� and Mt� proteins as compared with
cells expressing ER� protein. In addition, the cellular level of
F2-isoprostanes, a direct indicator of oxidative stress, was
increased markedly in Mt�� cells after ethanol treatment.
Notably, expression of Mt�� CYP2E1 protein in yeast cells
caused more severe mitochondrial DNA damage and respira-
tory deficiency than the wild type or ER� proteins as tested by
the inability of cells to growon glycerol or ethanol. Additionally,
liver mitochondria from ethanol-fed rats containing high mt
CYP2E1 showed higher levels of F2-isoprostane production.
These results strongly suggest that mt CYP2E1 induces oxida-
tive stress and augments alcohol-mediated cell/tissue injury.

The cytochrome P450 2E1 (CYP2E1)5 is involved in the
metabolism of alcohol, aldehydes, and an array of small molec-

ular weight carcinogens. CYP2E1 is induced under diverse
pathophysiological conditions including diabetes, obesity, fast-
ing, cancer, alcohol liver disease, and non-alcoholic hepatic ste-
atosis (1, 2). The structure and function of CYP2E1 has been
extensively studied because of its potential role in chemical
toxicity and carcinogenesis and highly conserved nature of
the gene in mammals. Experiments with knock-out animal
models have revealed that CYP2E1 plays an important role
in benzene-, acrylonitrile-, azoxymethane-, and acetamino-
phen-induced toxicity as well (3–5). A major interest in
CYP2E1 stems from its ability to oxidize ethanol into reac-
tive products, acetaldehyde and 1-hydroxyethyl radical, and
also its ability to activate small molecular weight chemicals
including CCl4, acetaminophen, benzene, halothane, halo-
genated alkanes, etc. into electrophilic reactive products (6).
Additionally, a large number of studies implicate a role for
CYP2E1 in reactive oxygen species (ROS) production and
oxidative stress (7–11).
A large fraction of hepatocellular CYP2E1 is located in the

endoplasmic reticulum (ER), although significant levels are
detected in other cell compartments including lysosomes (12),
plasma membrane (13, 14), Golgi apparatus (15), peroxisomes
(16), and mitochondria (17–20). Studies have shown increased
mitochondrial CYP2E1 content in streptozotocin-treated
and alcohol-treated rats and mice (21, 22). Despite the sug-
gested role of CYP2E1 in ROS production, oxidative stress,
and lipid peroxidation, it is not clear if the major contribu-
tion comes from the microsomal or mitochondrial compart-
ments or both.
In this study we have assessed the role of mitochondria tar-

geted CYP2E1 in inducing oxidative stress. We used a muta-
tional approach to modify the N-terminal chimeric signal of
CYP2E1 to mostly mitochondria- or mostly microsome-tar-
geted proteins (mtCYP2E1 and mcCYP2E1, respectively) and
expressed them stably in COS cells. Our results show that
mtCYP2E1 induces ROS production, oxidative stress, and aug-
ments ethanol induced cellular injury. MtCYP2E1 in yeast cells
induced respiratory incompetence and �o phenotypes indicat-
ing extensive mitochondrial DNA damage.
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EXPERIMENTAL PROCEDURES

Cell Culture and Cell Transfection—COS-7 cells and cells
transducedwith retroviral vectors (stable expression cells) were
cultured inDulbecco’smodified Eagle’smedium supplemented
with 10% fetal bovine serum (v/v) in presence of added genta-
mycin (50 �g/ml).
Transient transfection of COS-7 cells with WT and mutant

ER�, Mt�, Mt�� rat CYP2E1 cDNAs (6 �g/100 mm2 plate)
were carried out using the lipophilic reagent FuGENE 6 (Roche
Applied Sciences). The cells were harvested 48 h post-transfec-
tion and used for isolating subcellular fractionations.
Generation of Stable Cell Lines—WT and mutated 2E1

cDNAs cloned in a retroviral vector (pBABE-puro) were trans-
duced into 293T cells along with gag-pol and VSV-G plasmids
to produce viral particles (23). COS-7 cells were transduced
with the viral particles, and the single colonies were selected by
screening in presence of puromycin (2 �g/ml) as the selection
marker.
Antibodies—Polyclonal antibody to rat CYP2E1 (anti-goat)

was purchased from Oxford Biomedical Research, Oxford, MI.
Antibody to human cytochrome c oxidase subunit 1 (CcO 1)
was fromMitosciences, Eugene, OR. Antibody to human calre-
ticulin (CRT)was fromAffinity Bioreagents, Golden, CO.Anti-
body to yeast dolicholphosphate mannose synthase was from
Invitrogen. Antibodies to TIM23, TOM20, the 70-kDa subunit
of complex II, �-actin, cytochrome P450 reductase (NPR), and
the 70-kDa subunit of succinate dehydrogenase were from
Santa Cruz Biotechnology, Santa Cruz, CA. Anti-mouse FLAG
antibody was purchased from Sigma.
Ethanol Feeding Experiments—Sprague-Dawley rats (about

150 gm) were fed with ethanol for 2, 4, 6, and 8 weeks, and
pair-fed controls received an isocaloric diet. The standard pro-
cedure for alcohol feeding was based on the Lieber andDeCarli
protocol (24). Animals were fed ad libitum a nutritionally bal-
anced liquid diet containing 36% ethanol, 18% protein, 35% fat,
and 11% carbohydrate as % of total calories (supplied by Bio-
Serve Corp., San Diego CA). Control pair-fed animals received
the same diet except that ethanol was isocalorically replaced by
carbohydrates. Feeding was carried out in the Animal Resource
Facility of Thomas Jefferson University Medical College, Phil-
adelphia, PA under their approved animal care protocol.
Subcellular Fractionation and Immunoblot Analysis—Mito-

chondria from stable cells and transiently transfected cells were
isolated in the presence of protease inhibitors (1 mM phenyl-
methanesulfonyl fluoride and 50 �g/ml each of leupeptin, pep-
statin, aprotinin, and antipain) as described before (25, 26).
Mitochondria from ethanol-fed and pair-fed control rat livers
were isolated essentially as described before (27), and themito-
chondrial isolateswere sedimented through 1M sucrose tomin-
imize contamination (28). Mitochondria were subjected to dig-
itonin fractionation as described before (20, 27). Proteins were
dissociated in Laemmli sample buffer (29) at 95 °C for 5 min,
resolved by electrophoresis on 10% SDS-polyacrylamide gels
(29), and subjected to immunoblot analysis (26). Blots were
developedusing Super SignalWest Femtomaximumsensitivity
substrate from Pierce.

Limited Trypsin Treatment of Cell Organelles—Freshly iso-
lated mitochondria or microsome (150 �g protein) were sub-
jected to trypsin digestion (30 �g/mg) at 25 °C for 30 min as
described before (25, 26).
Assay ofN,N-DimethylnitrosamineN-DemethylationActivity—

N-Demethylation of N,N-dimethylnitrosamine was assayed
according to Eliasson et al. (13, 30) in the presence of added 0.2
nmol of adrenodoxin (Adx), 0.02 nmol of NADPH-Adx reduc-
tase (Adr) and 300 �g mitochondrial protein/ml as enzyme
source. In assays with the microsomal fractions, the micro-
some-associated NADPH cytochrome P450 reductase (NPR)
served as electron donor for the reaction. Details were essen-
tially similar to erythromycin N-demethylase assay published
before (31).
GSH Measurements—The intracellular and mitochondrial

GSH levels were measured as described by Tietze (32) with
the fluorometric substrate 5,5�-dithiobis-(2-nitrobenzoic acid)
using an NWSS kit from Northwest Lifesciences, Vancouver,
WA, following the manufacturer’s protocol. Assays were car-
ried out with and without added glutathione reductase and
NADPH. Values without added glutathione reductase and
NADPH were used to determine the reduced GSH levels,
and those with glutathione reductase andNADPH yielded total
GSH (reduced plus oxidized) pool.
Measurement of ROS Production Using Dichlorofluorescein

Diacetate (DCFH-DA)—For measurement in whole cells, 15 �
103 cells were seeded per well of a black 96-well plate in phenol-
free medium and grown overnight. Cells were pretreated with
various antioxidants or inhibitors in phenol-free medium fol-
lowed by incubation with 10�MDCFH-DA (Molecular Probes,
Eugene, OR) for 15 min. The fluorescence of the oxidative
product (DCF) was measured using Microwin Chameleon
microplate reader with excitation at 485 nm and an emission
wavelength of 535 nm. ROS generation in mitochondria was
measured by the DCFH fluorescence method, modified from
LeBel et al. (33) as described earlier (34).
Assay of F2-Isoprostanes—Cellular levels of F2-isoprostanes

were determined using a gas chromatography-mass spectro-
metry-based method as described previously (35).
Assay for ERMembraneAssociation—Membrane association

assays were carried out as described previously by Hegde et al.
(36). Proteins were translated in the presence of 5 units of
unwashed dog pancreatic microsome/50 �l of translation mix
supplemented with protein kinase A as described previously
(37). The translationwas stopped by the addition of 1mMcyclo-
heximide.Half of the reactionmixturewas sedimented through
0.5 M sucrose at 120,000 � g for 5 min. The membrane pellets
were analyzed by SDS gel electrophoresis (36, 37). The second
one-half of reactionmix was analyzed directly as the input pro-
tein counts.
Immunofluorescence Microscopy—Immunofluorescence mi-

croscopywas carried outwith 0.1%TritonX-100 permeabilized
cells as described before (25, 38) using primary CYP2E1 (anti-
goat), CcO 1 (anti-mouse), and calreticulin (anti-rabbit) anti-
bodies at 1:100 dilutions each. The cells were then stained with
1:100 dilution of Alexa 488-conjugated anti-goat antibody and
Alexa 594-conjugated anti-mouse IgG (Molecular Probes).
Slides were viewed through a Leica TCS SP5 Confocal Micro-
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scope, and Pearson coefficient for colocalization was calculated
using Volocity software 4.0.
cDNA Cloning and CYP2E1 Expression in Yeast Cells—The

cDNAs (WT, ER�, andMt��) were cloned in the 2-�mvector
pTEF-URA3 or the centromeric pTEF-URA3 (39). The Mata
his3�1 leu2�0 met15�0 ura3�0 strain BY4741 was obtained
from Research Genetics, Huntsville, AL. BY4741 was used to
express rat CYP2E1 cDNAs (Mock, WT, ER�, Mt��) driven
by the elongation factor promoter either using a 2-�m or cen-
tromeric URA3 or Leu2 plasmids. Plasmids were transformed
into BY4741 by using the standard LioAc method. The cells
were grown in minimal medium containing 2% dextrose (syn-
thetic dextrose, w/v) and other details were as described before
(20). Yeast cell mitochondria and microsomes were isolated as
described previously (20).
For plate assays, cells grown to �2.0 absorbance units at 600

nm were washed and serially diluted in 10-fold steps, and 10 �l
of each dilution was spotted on SD�URA and SL�URA (2%
lactate, w/v) plates. Plates were photographed after incubation
at 30 °C for 4 days.

Statistical Analysis—Themeans�
S.D. were calculated from three to
five experimental values. Statistical
significance (p values) between con-
trol and experimental or paired
experiments was calculated using
Student’s t test. A p value of�0.05 is
considered significant.

RESULTS

Altering the Targeting Efficiency
of the N-terminal Chimeric Signal
of CYP2E1—We have used a muta-
tional approach to test the hypothe-
sis that SRP binding affinity of nas-
cent chains inversely correlates with
the level of mt-targeting (40, 41).
The N-terminal signal domain
mutations were designed using the
WOLFPSORT program with the
objective of altering the hydropho-
bicity of the signal region of the rat
CYP2E1.
The N-terminal 40-amino acid

sequence of the rat CYP2E1 and
mutations (ER�, Mt�, andMt��)
targeted to this region are shown in
Fig. 1A. ER� mutation (A2L/A9L)
markedly increased the ER target-
ing potential as predicted by the
WOLFPSORT program (Fig. 1B).
The Mt� (L17G) and Mt�� (I8R/
L11R/L17R) mutations, on the
other hand, showed progressively
higher potential for mitochondria
targeting (Fig. 1B). The SRP binding
affinities of the WT and mutant
proteins were tested by the mem-

brane flotation method (36), which measures the SRP-depen-
dent ER membrane association of nascent proteins. WT pro-
tein associated with added ER to the extent of �40%, whereas
ER� protein, with increased hydrophobicity, associated at a
higher level (70%) of input protein (Fig. 1C). The Mt� and
Mt�� proteins, with reduced hydrophobicity, associated with
the ER membrane at lower levels (10–30%) (Fig. 1C). These
results confirmed the widely varying SRP binding affinities of
mutant proteins we generated. Fig. 1D shows the levels of
expression of WT and mutant CYP2E1 in stably expressing
COS cells. Immunoblot analysis ofwhole cell extracts show that
cells transducedwith viral vectors carryingWT, ER�, andMt�
cDNA constructs express CYP2E1 protein, which comigrated
withmicrosomalCYP2E1 fromalcohol-induced rat livers. Cells
transduced with Mt�� cDNA construct, however, showed a
minor species of nearly intact protein and a prominent �40-
kDa species. COS cells transiently transfected with all cDNA
constructs (including Mt��), on the other hand, expressed
nearly intact mtCYP2E1 protein, which comigrated with the
mcCYP2E1 protein from alcohol-treated rat liver. These results

FIGURE 1. A mutational approach for altering the bimodal targeting efficiency of CYP2E1. A, the WOLFP-
SORT program was utilized to alter the SRP binding and mitochondria-targeting efficiencies of the N-terminal
signal regions of CYP2E1. B, shown is the predicted targeting efficiencies of WT and mutant CYP2E1 proteins.
C, ER membrane binding efficiencies of WT, ER�, Mt�, and Mt�� proteins is shown. Proteins were co-trans-
lated with added ER membranes as described under “Experimental Procedures.” Membranes from half of the
reaction mixture were sedimented through sucrose, and the pellets were dissolved in 2� Laemmli sample
buffer (29) and loaded on the gel (M). The other half of the reaction mix was loaded directly as input (In). The
gels were fluorographed and also imaged through a GE Healthcare STORM system for quantification of radio-
activity in bands. NS means non-specific band. The numbers at the top of the blot show the percentages of 35S
protein bound to ER in relation to the input. D, shown is an immunoblot of whole cell extracts (50 �g protein
each) of COS cell lines stably expressing the WT and mutant CYP2E1 proteins and also a cell line expressing the
empty (mock) retroviral vector. The level of �-actin was used as a loading control. Stable cell lines were gener-
ated by transducing COS-7 cells with CYP2E1 cDNA-containing retroviral plasmid (pBABE-puro) using FuGENE
transfection (Roche Applied Sciences) reagent. E, immunoblot of COS cell extracts transiently transfected with
WT and mutant CYP2E1 constructs. COS-7 cells were transfected with cDNAs cloned in PCMV4 expression vector as
described under “Experimental Procedures.” �-Actin levels were used as loading controls. In Parts C, D, and E,
proteins were resolved by electrophoresis through 12% SDS-polyacrylamide gels. In C, 25 �g of protein each from
flotation gradients was used; in D and E, 50 �g of protein of each whole cell extract were used.
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suggest that all of the cDNA constructs are expressed at similar
levels in both stable and transiently transfected cells. The
results also suggest that the Mt�� mutant protein is suscepti-
ble to an unknown proteolytic activity induced in stably trans-
duced COS cells.
Levels of mtCYP2E1 and mcCYP2E1 in Stable Cell Lines—

The purity of mitochondrial preparation was routinely tested
by immunoblot analysis of mitochondria-specific Tom20 pro-

tein and microsomal-specific NPR. As shown in Fig. 2A, mito-
chondrial preparations contained Tom20, whereas the micro-
somal fraction contained negligible Tom20 protein. As
expected, the microsomal fraction contained a high level of
NPR, whereas themitochondrial preparations containedmark-
edly reduced (�0.1 of the microsomal fraction) 78-kDa NPR.
Fig. 2, A and B, also show that in cells expressingWT CYP2E1,
the distribution was nearly even (about 50% in each membrane
fraction). In cells expressing ER� mutant protein, the mito-
chondrial level was �20%, whereas the microsomal level of
CYP2E1 was 	80%. In Mt� cells, the mitochondrial level was
significantly higher (�58%), whereas in Mt�� cells it was
markedly higher (�90%). Additionally, similar to that shown
in Fig. 1, the mitochondria-associated Mt�� CYP2E1 was
smaller (�40 kDa), as opposed to �52-kDa protein in other
cases. ThemcCYP2E1 fromER� andWTcells also contained a
much faster migrating component that we believe is a proteo-
lytic degradation product generated during isolation and stor-
age. The stable cell lines will be hereafter referred to with the
respective mutant forms of CYP2E1 they express.
Evidence for Intramitochondrial Localization of CYP2E1—

Themitochondrial localization of the CYP2E1was investigated
by colocalization with the ER-specific protein CRT and mito-
chondria-specific protein CcO I using immunofluorescence
microscopy. As expected, cells transduced with a mock vector
(Fig. 3A, top panels) show very little CYP2E1-specific staining
and insignificant colocalization with CRT antibody (Pearson
coefficient of 0.24). However, ER�, Mt�, andWT cells showed
significant staining with CYP2E1 antibody, which co-localized
with the ER-specific calreticulin with Pearson correlation coef-
ficients of 0.94, 0.82, and 0.86, respectively, suggesting higher
level of ER localization of CYP2E1 in ER� cells. In WT cells,
CYP2E1 was also colocalized significantly with mitochondria-
specificmarker, CcO I, with a Pearson correlation coefficient of
0.71 (Fig. 3B, top panels). Themitochondrial colocalizationwas
markedly higher in Mt�� cells and Mt� cells with Pearson
correlation coefficients of 0.92 and 0.87, respectively (Fig. 3B,
second and third panels from the top). In ER� cells, however,
the mitochondrial colocalization was not significant, with

a Pearson correlation coefficient
score of 0.39. These immunocyto-
chemical results fully support the
results of immunoblot analysis in
Fig. 2.
Intramitochondrial localization

of CYP2E1 was ascertained using
digitonin and trypsin treatment
of isolated mitochondria. Fig. 4A
shows an immunoblot of mitochon-
drial fraction from cells expressing
WTCYP2E1 (left panel) andMt��
CYP2E1 (right panel). Results show
that mtCYP2E1 was relatively re-
sistant to a combination of digitonin
plus trypsin. This is consistent with
a protein residing inside the inner-
membrane compartment such as
the 70-kDa subunit of complex II

FIGURE 2. Subcellular distribution of CYP2E1 protein in stable cells.
A, shown is an immunoblot analysis of microsomal and mitochondrial pro-
teins from Mock and ER�-, WT-, Mt�-, and Mt��-expressing stable cell lines.
Proteins (50 �g each) were resolved by SDS-PAGE on a 12% gel and subjected
to immunoblot analysis with anti-CYP2E1 antibody (CYP Ref., 1:1500 dilution).
The blots were also probed with an antibody to the mitochondria-specific
marker TOM 20 and microsome-specific marker NPR. B, the gel was imaged
through a Bio-Rad Florus imager, and the band densities were quantified
using the Volume analysis software. Means � S.D. were calculated based on
three separate experiments. Asterisks represent significant difference (p �
0.05) in CYP2E1 contents between WT, Mt�, and Mt�� cells.

FIGURE 3. Immunocytochemical analysis of stable cell lines. Immunofluorescence microscopy was carried
out in 0.1% Triton X-100-permeabilized stable cells incubated with primary CYP2E1 (anti-goat) antibody. The
slides were co-stained either with CcO I (anti-mouse) antibody as the mitochondria-specific marker or CRT
(anti-rabbit) antibody as the microsomal marker. The cells were subsequently incubated with Alexa 488-con-
jugated anti-rabbit antibody and Alexa 594-conjugated anti-mouse goat IgG for colocalization of fluorescence
signals. Slides were examined by confocal microscopy through Leica TCS SP5 microscope.
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andCcO I subunit. In support of this possibility, treatmentwith
TritonX-100 rendered all these three proteins sensitive to tryp-
sin treatment. The specificity of cell fractionation is further
evident from the results that the addition of trypsin to digito-
nin-treated mitochondria reduced the level of TIM23 but not
that of the 70-kDa subunit of complex II or CcO I. A significant
portion of Tim23 protein is exposed to the intermembrane
space, whereas the other two proteins do not have such exposed

domains. These results suggest that the innermembrane integ-
rity is preserved under these treatment conditions. The outer
membrane protein, TOM20, which contains a cytosolic ex-
tended domain, was substantially reduced by digitonin treat-
ment and degraded by trypsin treatment of whole mitochon-
dria. It is also seen that both nearly intact WT CYP2E1 and the
truncated Mt�� CYP2E1 behaved similarly with respect to
resistance to digitonin and trypsin treatment. These results
confirm that mitochondrial CYP2E1 is localized inside the
innermembrane-matrix compartment.
CatalyticActivities of Intact andTruncatedmtCYP2E1—The

heme contents and N,N-dimethylnitrosamine N-demethyla-
tion activity of mitoplasts and microsomes from cells express-
ing the mock vector and also the four CYP cDNAs are pre-
sented in Fig. 5, A and B. Mitochondria from WT, Mt�, and
Mt�� cells showed heme contents in the range of 103–138
pmol/mg of protein. Interestingly, mitochondria from Mt��
cells showed a high heme content of 138 pmol/mg protein but
undetectable levels in the microsomal fraction. Similarly,
microsomes from ER� cells showed a high level of 151
pmol/mg of protein but undetectable levels in the mitochon-
drial fraction. The mitochondrial and microsomal heme con-
tents are consistent with the levels of CYP targeting observed in
the stable cells (Fig. 2).
The N,N-dimethylnitrosamine N-demethylation activities

of mitochondrial and microsomal
fractions ranged from 2.1 to 2.6
nmol/mg of protein. Consistent
with the heme contents, mitochon-
dria from WT, Mt�, and Mt��
cells showed high activity, whereas
those from ER� cells showed a very
low activity. Conversely, micro-
somes from the WT and ER� cells
showed high activity, whereas those
fromMt� and Mt�� cells showed
progressively lower activities. Al-
though not shown, the specific
activities of the mitochondrial and
microsomal samples were nearly
equal and ranged from 16 to 19.6
nmol/nmol CYP/min for the mito-
chondria and 15 to 18.5 nmol/nmol
CYP/min for microsomal samples.
Fig. 5C shows the CO absorbance
spectra of mitochondrial proteins
from WT and Mt�� cells, which
were used for calculating the heme
contents. These results show that
the truncated �40-kDa CYP2E1
protein from the Mt�� cell mito-
chondria is fully assembled with the
heme and is as active as the full-
length CYP2E1.
The nature of the N-demethyla-

tion activity was further verified in
control experiments shown inTable
1. The enzyme activity with Mt��

FIGURE 4. Intramitochondrial localization of CYP2E1 in stable expression
cells. Mitochondria from WT (left hand panel) and Mt�� cells (right panel)
were treated with digitonin and or trypsin as described under “Experimental
Procedures.” In the indicated experiments, mitochondria were treated with
0.2% Triton X-100 (v/v) before treatment with digitonin or trypsin. Proteins
(50 �g each) were resolved on 12% SDS-PAGE and subjected to immunoblot
analysis with CYP2E1 antibody. The blots were co-developed with antibodies
to the 70-kDa subunit of complex II and Tim23. Blots from identically run
companion blots were used for developing with antibodies to CcO I subunit
and TOM20.

FIGURE 5. Metabolic activities of mitochondria and microsomes from WT and mutant CYP2E1-express-
ing stable cells. A, the heme contents of mitochondrial and microsomal isolates were determined by using the
dithionite reduced and CO-bound difference spectra by the method of Omura and Sato (56). ND, not detected.
B, microsomes and mitoplasts from stable cells were assayed for N-demethylation activities using dimethylni-
trosamine as the substrate. Assays with mitochondria were carried out with added mitochondria-specific
electron transport proteins, Adx and Adr (0.2 nmol of Adx and 0.02 nmol of Adr, respectively). Microsomal
activities were driven by microsomal NPR as electron donor system. HCHO is formaldehyde. Values represent
the mean � S.D. of three separate assays. C, representative CO difference spectra for the WT and MT�� cell
mitochondria are shown. D, immunoblot analysis of total cell extract (TH) or mitochondrial proteins (Mito) from
Mt�� cells transfected with either C-terminal FLAG-tagged (C-FLAG) or N-terminal FLAG-tagged (N-Flag)
Mt�� CYP2E1 cDNA is shown. The blot in the top panel was developed with CYP2E1 antibody, and the blot in
the bottom panel was developed with FLAG antibody (1:1000 dilutions in each case). Ab, antibody.
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mitoplasts was dependent upon added NADPH and was inhib-
ited by general CYP inhibitor SKF 525-A (Proadifen hydrochlo-
ride) and a catalytic site-inhibitory antibody to CYP2E1.
The possible site of processing of CYP2E1 in Mt�� cells

was investigated by transient expression of N-terminal and
C-terminal FLAG-tagged Mt�� CYP2E1 in Mt�� cells. The
rationale was that by following the FLAG tag with the�40-kDa
protein, it should be possible to determine whether the proc-
essing occurs close to theN terminus or the C terminus. Immu-
noblots in Fig. 5D show that in mitochondria from cells trans-
fected with both N- and C-terminal- tagged Mt�� CYP2E1
cDNAs, a prominent �40-kDa protein is stained with CYP2E1
antibody (top panel). The FLAG antibody, on the other hand,
stained the �40-kDa species only in cells transfected with the
C-terminal FLAG-tagged protein but not the N-terminal-
tagged protein. The FLAG antibody also stained a larger
52-kDa protein in the total homogenate and also in mitochon-
dria from cells transfected with both constructs, which likely
represent unprocessed proteins. These results suggest that
Mt�� CYP2E1 is most likely processed at a site close to the N
terminus in Mt�� cells. This possibility is also supported by
the functional integrity of the �40-kDa CYP2E1 in these cells.
The Role of mt and mc CYP2E1 in Ethanol-mediated Oxida-

tive Stress—We assessed mitochondrial and extramitochon-
drial GSH levels and ROS production in subcellular fractions
and whole cells. All cell lines except Mt�� did not show sig-
nificant cell death either in the presence or absence of added
ethanol (100 mM for 48 h) (results not shown,). The Mt��
cells, however, showed about 15–17% cell death, which was
increased to about 30% by ethanol treatment. Only living
monolayer cells were used for analysis.
The reduced GSH pool in whole cell extract was marginally

reduced by about 15–20% inWT and ER� cells, whereas there
was a marked (40–50%) reduction in Mt� and Mt�� cells
(Fig. 6A). The GSH levels were further reduced by 10–20% in
mock-transfected, WT, and ER� cells by treatment with etha-
nol. In Mt� and Mt�� cells, the ethanol-mediated depletion
of GSHwas evenmore pronounced (�35–55%) comparedwith
untreated cells. As expected, the mitochondrial GSH pool was
substantially smaller than the whole cell pool (Fig. 6B). Ethanol
did not have any detectable effect on the mitochondrial GSH
pool in mock-transfected cells. As with the total cell pool, the
mitochondrial GSH pools were marginally lower in WT and
ER� cells but markedly reduced in the Mt� and Mt�� cells.
These results show thatMt� andMt��CYP2E1 exertmarked
inhibition of both mitochondrial and cellular GSH pools. It is
noteworthy that ethanol had a marked inhibitory effect on the
mitochondrial GSH pool in Mt� and Mt�� cells. Although
not shown, a decline in reduced GSH pool was accompanied by

a corresponding increase in theGSSGpool in different cells and
under different treatment conditions.
The level of H2O2 produced in whole cells (Fig. 7, A and B)

was measured using the DCFH-DAmethod. Cells were treated
with 100 mM ethanol for 48 h with or without the added ROS
inducer tert-butyl hydroperoxide (TBHP) and with or without
the added CYP2E1 inhibitor diallylsulfide (DAS) and antioxi-
dants,N-acetylcysteine (NAC) orMitoQ. TheMt� andMt��
cells showed nearly 2-fold higher ROS as compared withmock-
transfected cells (Fig. 7A). The WT CYP2E1-expressing cells
showed a marginal increase over the mock-transfected cells,
whereas ER� cells showedmarginal reduction. TBHP (Fig. 7A)
and alcohol (Fig. 7B) induced ROS production in Mt� cells,
whereas the increase was more than 2-fold in Mt�� cells. The
effects on other cell types (Mock, WT, and ER�) were only
marginal. Interestingly, the TBHP-induced ROS increase in
both Mt� and Mt�� cells was markedly inhibited by NAC.
The mitochondria-specific antioxidant MitoQ inhibited ROS
production in these two cell types by	50%. The effects of these
inhibitors on other cells, i.e. mock, WT, and ER� cells, was
marginal. The ethanol induced ROS production in both Mt�
and Mt�� cells but not in ER� cells. The ethanol-induced
ROS production was also attenuated in Mt�� cells by NAC
and CYP2E1 selective inhibitor, DAS (Fig. 7B).
The level of mitochondrial ROS production in different cell

lines was further verified by assaying the DCFH-DA oxidation
in an in vitro system described previously (34). In this system,
rat brain cytosolic extract is used as the source of deacetylase

FIGURE 6. Cellular and mitochondrial GSH levels in stable cells expressing
WT and mutant CYP2E1. A, shown are GSH levels in stable expression cell
lines. GSH levels were assayed using fluorometric substrate 5,5�-dithiobis-(2-
nitrobenzoic acid). Briefly, cells (2 � 106) were treated with or without 100 mM

ethanol. After 48 h of treatment, the total cellular extracts (200 �g of protein),
200 �l of phosphate buffer provided in the kit, and 25 �l of the 5,5�-dithiobis-
(2-nitrobenzoic acid) solution were first incubated at 37 °C for 5 min, and the
absorbance (412 nm) was measured using a Cary E1 spectrophotometer for 3
min. GSH levels were calculated using a standard curve, and values are pre-
sented in nmol/mg protein/min. B, mitochondrial isolates from control and
ethanol-treated cells were assayed for GSH levels as described above. Aster-
isks represent significant difference in GSH (p � 0.05) levels between ethanol-
treated and untreated controls. Values represent the mean � S.D. from six
assays of the same cell fractions.

TABLE 1
DMNA-demethylase activity of Mt�� mitoplast (Mito) supported by
Adx and Adr electron donor systems

Electron transfer system Inhibitor % Activity

No mitoplast None 3.9
Mito � NADPH None 13.1
Mito � Adx/Adr None 3.4
Mito � Adx/Adr � NADPH None 100
Mito � Adx/Adr � NADPH SKF525A 18.9
Mito � Adx/Adr NADPH Anti-P450 2E1 antibody 8.5
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for converting DCFH-DA into DCFH (33, 34). The fluoromet-
ric patterns in Fig. 7C are from a control experiment to ensure
the specificity of fluorescence signal. The complete systemwith
addedmitochondria fromMt�� cells yielded a linear increase
up to 800 s. The addition of superoxide dismutase to the reac-
tion mix had no effect, whereas catalase inhibited the signal,
suggesting that the fluorescence signal is mostly due to H2O2.
Furthermore, a control reaction with added DCFH-DA alone
(or with the brain cytosolic extract without added mitochon-
dria) yielded no significant fluorescence signal, suggesting the
specificity of the reaction.

Both the mitochondrial and mi-
crosomal membranes from CYP2E1-
expressing cells produced 2–3-fold
higher ROS compared with mock-
transfected controls (Fig. 7, D and
E). It is seen that the microsomes
from alcohol-treated cells produced
marginal (mock, WT, and ER�
cells) to moderately higher (Mt��
and Mt�) signal reflective of levels
of ROS production. The mitochon-
drial isolates fromMt� and Mt��
cells yielded 60–120% higher ROS
production in the presence of added
ethanol (Fig. 7D). In both themicro-
somes and mitochondria, DAS
markedly reduced ethanol-induced
ROS production (Fig. 7, D and E).
Lipid peroxidation is an immedi-

ate consequence of oxidative stress
(42–44). Recentmulticenter studies
propose that the levels of F2-iso-
prostanes are probably the most
reliable measure of oxidative stress
(41, 54, 55). We have, therefore,
assayed the levels of F2-isoprostanes
in alcohol-treated and untreated
cells. Results (Fig. 8A) show that
in both mock-transfected and WT
CYP2E1-expressing cell lines, no
significant increase in F2-isopros-
tanes was observed even after etha-
nol treatment. In ER� cells, the
basal level of F2-isoprostanes is
lower than WT cells. In both ER�
and Mt� cells, there was a signifi-
cant increase after ethanol treat-
ment. In Mt�� cells, however, the
increase in F2-isoprostane levels
was 3.5-fold after ethanol treat-
ment. Together these results show
that mitochondria-targeted CYP2E1
plays a prominent role in alcohol-
mediated oxidative stress.
The in vivo relevance of these

results was investigated using mito-
chondria and microsomes isolated

from rats fed with alcohol from 2 to 8 weeks and also from
pair-fed control rats. It is seen thatmitochondria from ethanol-
fed rats produced progressively increasing levels of F2-isopro-
stanes compared with pair controls (Fig. 8A). The levels of
mtCYP2E1 in relation to the pair-fed controls also increased
during this treatment regimen (Fig. 8B). Notably, in 8 weeks of
alcohol-fed liver mitochondria, there was a 4.5-fold increase
that was also accompanied by a more than 2-fold increase in
F2-isoprostanes formation. In the case of the microsomal frac-
tion, there was no significant increase in alcohol-fed rats until 8
weeks of feeding compared with pair-fed controls. Only in

FIGURE 7. ROS measurements by DCFH-DA method in whole cells and subcellular fractions from CYP2E1
expressing cells. A, shown are ROS levels in whole cells grown with or without the added oxidant TBHP (400
�M) and/or antioxidants MitoQ (2.5 �M) and NAC (25 mM). B, shown are ROS levels in whole cells grown with or
without added ethanol (100 mM) with or without the added CYP2E1 inhibitor DAS (10 �M) or NAC (25 mM).
Details are as described under “Experimental Procedures.” C represents a control experiment using Mt��
mitochondria ruptured by freezing and thawing. Catalase (10 units/ml) and superoxide dismutase (SOD, 30
units/ml) were added. The assays were run as described under “Experimental Procedures” using 10 �l of
brain cytosolic preparation per 100 �l of reaction volumes. D and E, ROS measurements in isolated
mitochondria and microsomes, respectively, from the indicated cells are shown. DAS was added in indi-
cated tubes at 10 �M levels. In all cases, the fluorescence was recorded at an excitation at 488 nm and
emissions at 525 nm for 15 min. Values represent the mean � S.D. values from four separate assays in A, B,
D, and E. Asterisks represent significant increase in ROS production (p � 0.05) or reduction by added
antioxidants or CYP2E1 inhibitor, DAS.
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microsomes from 8-week-fed rats there was a significant
increase in F2-isoprostanes. Immunoblot analysis in Fig. 8C
shows a typical pattern of mt- and mc-CYP2E1 induction in 8
week-fed rat livers. The results from these immunoblots were
used to determine the fold increase presented in Fig. 8,A and B.
These results on mtCYP2E1 induction correlate well with
increased oxidative stress in ethanol-treated rats.
Role of Intact mtCYP2E1 in ROS Production—The results

that N-terminal-truncated mtCYP2E1 in Mt�� cells induced
oxidative stress raised the question if mitochondria targeting of
this CYP or N-terminal truncation was responsible for
increased oxidative stress. To address this question we overex-
pressedWT andMt��CYP2E1 proteins in COS cells by tran-
sient transfection and compared both the levels of mitochon-
dria targeting and levels of ROS productionwith the two cDNA
constructs. In keeping with the results on stable cell lines (Fig.
3), immunocytochemical analysis of transfected cells (Fig. 9, A
and B) showed thatWTCYP2E1 colocalized with both the ER-
specific marker, CRT, and mitochondria-specific marker, CcO
I. The Mt�� CYP2E1 protein colocalized poorly with CRT
(Pearson coefficient of 0.52) butmore extensively with the CcO
I, suggesting a higher level of mitochondrial localization (Fig.
9A). The immunoblot of mitochondrial extract (Fig. 9C) shows
that bothmt- andmc-CYP2E1 comigrated with rat livermicro-
somal CYP2E1, suggesting that intact CYP2E1 is targeted to

mitochondria in both cases. Addi-
tionally, the level ofmtCYP2E1with
the Mt�� mutant cDNA was sig-
nificantly higher than withWTpro-
tein. Fig. 9D shows that the level of
ROS production in microsomes
from WT and Mt�� cells was sig-
nificantly higher than in mock-
transfected cells. Alcohol treatment
only modestly increased the levels
in both WT and Mt�� cDNA-
transfected cells. Mitochondria
from cells transfected with WT and
Mt�� cDNAs showed about a
70–100% increase in ROS produc-
tion. In mock-transfected and WT
cDNA-transfected cells, mitochon-
drial ROS production was only
marginally increased by ethanol
treatment. However, a marked
increase of ROS production in
response to ethanol treatment was
observed in mitochondria from
Mt�� cDNA-transfected cells. A
generally lower level of ROS pro-
duction in these cells in comparison
to stable cells is probably due to
lower transfection rates. These
results show that intactCYP2E1 tar-
geted to mitochondria is effective in
inducing ROS production and alco-
hol-mediated oxidative stress.
Role of mt CYP2E1 in Inducing

Respiratory Damage in Yeast Cells—With a view to ascertain
the role of mitochondria-targeted CYP2E1 in inducing oxida-
tive damage, we used a heterologous yeast cell system and gen-
erated stable cell lines expressing WT, ER�, and Mt��
CYP2E1. Immunoblot analysis of mitochondria and micro-
some fractions from various cell lines is shown in Fig. 10A. It is
seen that both mitochondria and microsomes from WT
CYP2E1 cells showed the presence of CYP2E1, although the
microsomal fraction contained nearly 2-fold higher levels. The
Mt�� cells, on the other hand, contained nearly 3-fold higher
levels ofmtCYP2E1 thanmcCYP2E1. In contrast, the ER� cells
contained more than 3-fold higher levels of mcCYP2E1 com-
pared with mtCYP2E1. These results indicate that the altered
targeting property ofmutant CYP2E1 signal is also preserved in
unicellular eukaryotes. It should be noted that Mt�� CYP2E1
is targeted to mitochondria as a full-length protein, similar to
the WT and ER� proteins. All of the mitochondrial samples
showed nearly equal levels of Tim23, and all the microsomal
samples showed nearly equal levels of the microsomal marker
dolicholphosphate mannose synthase, suggesting nearly equal
loading. The blots for Tim23 and dolicholphosphate mannose
synthase also indicated the relative purity of the two subcellular
membrane fractions.
All of the cell types including the �o cells (positive control)

grew efficiently on the SD�URA medium containing glucose

FIGURE 8. Ethanol-induced F2-isoprostanes in CYP2E1-expressing cells and liver fractions from ethanol-
fed rats. A, F2-isoprostanes were assayed by using a gas chromatograph-mass spectroscopy method cited
under “Experimental Procedures.” In each case 2 � 106 total cells were used for the assay. Asterisks represent
significant increase in F2-isoprostanes in ER�, Mt�, and Mt�� cells after ethanol treatment (p � 0.05). Values
represent the mean � S.D. of three assays. B, F2-isopreostanes were measured in mitochondria and micro-
somes isolated from the livers of rats fed with alcohol for 2– 8 weeks (W) and pair-fed controls. In each case 100
�g of protein was used. The means � S.D. in the 8-week-fed rats were based on assays carried out in three rats
each in control and fed groups. Asterisks represent significant difference (p � 0.05) from pair-fed controls. The
values presented in boxes below the graph indicate the ratios of CYP2E1 contents between pair-fed controls and
alcohol-fed rat livers. The CYP2E1 antibody interactive bands from immunoblots were quantified by imaging
through the Bio-Rad Florus 5 gel documentation system. C, shown is an immunoblot analysis of mitochondrial
and microsomal proteins (25 �g each) from livers of rats fed with alcohol for 8 weeks and pair-fed controls.
Samples from two rats were analyzed in each case. Duplicate blots were developed with NPR antibody and
succinate dehydrogenase (SDH) antibody for assessing cross-contamination and loading levels.
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(Fig. 10B). Remarkably,Mt�� cells failed to growon SD�URA
medium, containing lactate, suggesting respiratory incompe-
tence. The later characteristic is similar to the �o cells with
known respiratory deficiency, which also failed to grow on
SD�URA media containing lactate. The WT and ER� cells
also showed a marginal growth inhibition on the lactate-con-
taining medium. Mitochondria from Mt�� cells had petite
phenotype similar to the �o cells (results not shown). These cells
were significantly smaller than the colonies produced by WT
andER� cells on the sameplate. These results provided a direct
and unequivocal evidence for the role of mitochondria targeted
CYP2E1 in inducing mitochondrial DNA damage and respira-
tory deficiency.

DISCUSSION

Previously we observed that nascent CYP1A1, 2B1, and 2E1
proteins exhibit different affinities for SRP binding and showed
different levels of mitochondrial targeting (19, 25, 28, 37, 45,
46). In the present study we tested the hypothesis on the regu-
lation of bimodal targeting by altering the SRP binding affinity
of the signal region (40, 41) to more hydrophobic (A2L/A9L in
ER�) or more hydrophilic (L17G or I8R/L11R/L17R in Mt�
and Mt��, respectively). We show here that the ER� mutant
CYP2E1, with increased hydrophobicity of the N-terminal sig-
nal and increased ER association in vitro, is targeted at a higher
level to the ER than the WT protein. On the other hand, the
Mt� and Mt�� proteins, with reduced hydrophobicity and

reduced affinity for SRP binding
(Figs. 1C and 3B), were targeted to
mitochondria at higher levels in
intact cells.
Several studies over the past dec-

ade suggested that CYP2E1 plays a
role in oxidative stress in addition to
carcinogenesis and chemical toxic-
ity (1–11, 47–49). Also, studies have
implicated a role for CYP2E1 in
inducing ROS production under in
vitro conditions (50–53). Studies
from Lieber et al. (51) initially sug-
gested a role for CYP2E1 in induc-
ing oxidative stress and alcohol-me-
diated liver injury. In vitro studies
with stable expression cell lines or
isolated microsomes show a role for
CYP2E1 in inducing ROS produc-
tion and oxidative stress (52–54).
These latter results have been
essentially supported in a CYP2E1
overexpression mouse model gen-
erated byMorgan et al. (55). Studies
from two groups using this mouse
model show that alcohol treatment
induced the serum levels of cyto-
keratin 8 and cytokeratin 18, the
biomarkers for alcoholic liver dis-
ease (48, 49). Using stable cell lines
expressing different levels of mito-

chondria- and microsome-targeted CYP2E1, we show that
mtCYP2E1 plays a role in ethanol-mediatedmitochondrial dys-
function, mtDNA damage and ROS production as well as lipid
peroxide production. These results also correlate with high lev-
els of mtCYP2E1 with high levels of F2-isoprostanes in alcohol-
treated rat livers.
In general, the mitochondrial CYP contents of rodent and

human tissues represent only 10–20% of those found in the
microsomal fraction. However, in ethanol-treated rats and
mice, the liver mitochondrial CYP2E1 contents ranged from
about 50% to nearly equal to the microsomal contents (22, 52),
suggesting that the mitochondrial CYP2E1 could contribute
significantly to drug metabolism, drug-induced toxicity, and
oxidative stress.
Detection of truncated protein in Mt�� cells was unex-

pected and surprising in view of many cell-based studies and
analysis of mouse and rat tissues from alcohol-treated or strep-
tozotocin-treated rodents showing full-length CYP2E1 being
targeted tomitochondria.Wehave carried out a series of exper-
iments to show that the truncated form seen in the Mt�� cell
lines is very specific to this mutant and specific to stably trans-
duced COS cells. 1) Other CYP2E1 cDNA constructs, such as
theWT, ER�, andMt� mutant proteins, are targeted to mito-
chondria as intact proteins. 2) Transient transfection of
CYP2E1 cDNAs (including theMt��) in COS cells resulted in
the targeting of intact CYP2E1 to mitochondria, which also
induced ROS production in response to ethanol treatment. 3)

FIGURE 9. Mitochondrial targeting of intact CYP2E1 in transiently transfected COS cells. A and B,
shown is immunocytochemical analysis of transfected cells using mitochondria-specific CcO I and CYP2E1
antibodies (A) and microsome-specific CRT and CYP2E1 antibodies (B). Immunocytochemical analysis and
colocalization of stained membrane structures were carried out as described under “Experimental Proce-
dures” and in Fig. 3. C, shown is immunoblot analysis of mitochondrial proteins (50 �g each) from cells
transfected with mock vector, WT, and Mt�� cDNAs. Microsome from ethanol-treated rat liver was used
as a positive control for CYP2E1 and also NPR. The blots were co-developed with antibodies to mitochon-
drial marker, TOM20, and microsomal marker NPR. The graph next to the blot represents CYP2E1 contents.
ND, not detected. D, shown is the level of ROS production in the microsome and mitochondria isolated
from transfected cells. The ROS production was measured fluorometrically by DCFH-DA oxidation method
as described in Fig. 7 and under “Experimental Procedures.” The means � S.D. values were calculated from
six assays carried out with cell fractions from two separate transfections. Asterisks represent significant
difference (p � 0.05) between the paired values.
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Although not shown, in vitro import studies in isolated rat liver
mitochondria showed that the protease-protected form is a
full-length protein. 4) Stable expression of CYP2E1 cDNAs in
yeast cells resulted in the mitochondrial targeting of intact
CYP2E1 proteins in all cases including theMt��mutant form,
which induced respiratory stress. These results not only dem-
onstrate that intact CYP2E1 is the natural form of protein tar-
geted to mitochondria but also that mtCYP2E1 causes a higher
level of oxidative damage to cells.
Based on the detection of the FLAG containing �40-kDa

protein in Mt�� cells transfected with the C-terminal FLAG-
tagged cDNA, we believe that the processing of the Mt��
mutant protein occurs at a site close to the N terminus. This
is consistent with the results showing that the truncated
mtCYP2E1 in Mt�� cells is fully folded and assembled with
heme because of its characteristic CO-reduced difference spec-
tra. Furthermore, the truncated Mt�� CYP2E1 is catalytically
active for N,N-dimethylnitrosamine N-demethylation activity
in an Adx � Adr-supported system. It is possible that an aber-
rant protease activated in Mt�� cells is responsible for this
processing. Results clearly show that the processing of CYP2E1
in this cell line occurs at a region that did not affect heme bind-
ing, Adx binding, and the catalytic function of the protein.
Results presented here also show thatMt�� cells expressing

predominantly mtCYP2E1 are prone to oxidant (TBHP)- and
ethanol-mediated ROSproduction, F2-isoprostane production,
depletion of cellular GSH levels, and mitochondrial respiratory
defect. We propose that altered structural features of the mt
CYP2E1 in the mitochondrial matrix environment, different
from the cytosol-exposed microsomal organization, may be
responsible for the difference in function and induction of oxi-
dative stress. This possibility is in keepingwith our previousCD
spectroscopy studies showing amore unfolded conformation of
mitochondrial CYP2B1 and 2E1 and markedly reduced � heli-
cal contents compared with the microsomal CYPs (17, 37). A
role for the mitochondrial CYP2E1 in mediating ethanol-in-
duced oxidative stress is shown by the effects of the CYP inhib-
itor DAS. Also, the role of mitochondrially produced ROS in
mediating oxidative stress was confirmed by the effects ofmito-
chondria specific antioxidant Mito-Q (Fig. 7, A and B).

We show here that intact CYP2E1 is targeted to yeast cell
mitochondria, and mutations designed for preferential target-
ing to the ER (ER� mutant) and mitochondria (Mt� and
Mt��) show targeting efficiency similar to that observed in
stably transduced COS cells. Interestingly, predominantly
mitochondria-targeted Mt�� CYP2E1 induced respiratory
deficiency as seen by the inability of cells to grow on lactate, a
non-fermentable carbon source. The predominantly ER-tar-
geted ER� CYP2E1, on the other hand, induced only marginal
respiratory deficiency in yeast cells. Although not shown, the
respiratory deficiency in Mt�� cells is likely associated with
petite phenotype indicative of extensive mitochondrial DNA
damage (Fig. 10, A and B). These results provide evidence for
the role of mt CYP2E1 in ROS production.
In summary alcohol toxicity has been linked to a number of

factors including increased CYP2E1 expression, NADPH oxi-
dase activity, and ferrous iron levels (53). Our results show that
mitochondria-targeted CYP2E1 can play a direct role in aug-

menting alcohol-mediated oxidative stress, mtDNA damage,
and mitochondrial dysfunction in COS cells. Correlative evi-
dence also suggests that mt CYP2E1 may also play a role in
inducing oxidative stress in the livers of ethanol-fed rats.
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