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We evaluated the effect of “weak” CYP2E1 binders
(ethanol, acetone and glycerol) “tight” CYP2E1 binders
(4-methylpyrazole, imidazole, isoniazid and pyridine)
and CCl4 (suicide substrate of CYP2E1) on the NADPH-
dependent production of microsomal reactive oxygen
species (ROS), lipid peroxidation (LPO), and subsequent
modification of microsomal and CYP2E1 proteins. The
oxidation of 20,70-dichlorofluorescin diacetate (DCFHDA)
was used as an index of formation of microsomal ROS
and LPO-derived reactive species. Microsomal LPO was
determined by malondialdehyde (MDA) HPLC measure-
ment. Addition of NADPH to rat liver microsomes
initiated DCFHDA oxidation and MDA formation,
leading to further selective modification of microsomal
proteins and proteases-independent degradation of
CYP2E1 protein. Iron chelators prevented these processes
whereas hydroxyl radical scavengers showed weak
effects, suggesting an important role of LPO. Among
the tested CYP2E1 binders, only isoniazid strongly
inhibited NADPH-dependent DCFHDA oxidation, LPO
and modification of microsomal proteins. Other
CYP2E1 binders showed weak inhibitory effects of
these processes. Concerning NADPH-dependent modifi-
cation of CYP2E1 protein, all of the tested CYP2E1
binders, except glycerol, prevented this process with a
different potency (isoniazid . 4-methylpyrazole ¼
imidazole ¼ pyridine @ acetone . ethanol). “Tight”
binders were more effective than “weak” binders. The
CCl4 stimulated the DCFHDA oxidation, LPO and
CYP2E1 protein modification. Among the tested
CYP2E1 binders, only isoniazid effectively scavenged

2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals. In
microsomes isolated from CYP2E1 transfected HepG2
cells, isoniazid inhibited the CYP2E1-dependent
DCFHDA oxidation whereas other CYP2E1 binders did
not inhibit this reaction although these compounds
strongly inhibited CYP2E1 activity. The present study
demonstrates that CYP2E1 binders and isoniazid differ-
entially inhibit LPO-catalyzed oxidative modification of
CYP2E1 protein in NADPH-dependent microsomal
reactions. It seems that CYP2E1 binders protect CYP2E1
from the oxidative modification mainly by binding to the
active site of the enzyme, rather than by blocking the
reactive species production. The strong protective effect
of isoniazid can be attributed to its ability to scavenge
free radicals. These effects of CYP2E1 binders are
considered to contribute to the regulation of hepatic
CYP2E1 protein levels via stabilization of the protein.
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INTRODUCTION

The regulation of cytochrome P-450 2E1 (CYP2E1)
protein level is of considerable interest because of its
role in the metabolic activation of a variety of toxic
chemicals[1] and its high NADPH oxidase activity.[2]

CYP2E1 protein level is elevated several folds in rat
hepatic tissue in response to treatment with
xenobiotics such as ethanol, acetone, 4-methylpyra-
zole (4-MP), isoniazid, and pyridine, with the
notable exception of imidazole among the nitrogen
heterocyclic compounds.[3 – 6] Similar increase in
CYP2E1 protein levels in response to xenobiotics
have been reported in primary cultured rat hepato-
cytes[7,8] and CYP2E1 transfected HepG2 cells.[9]

In contrast to most other cytochrome P-450 (P-450)
isoforms, the xenobiotic induction of CYP2E1 does
not generally involve transcriptional activation.
Many studies have provided evidence that protein
stabilization represents a mechanism for controlling
CYP2E1 protein level in response to xenobiotics.
In vivo labeling of protein and subsequent immuno-
purification demonstrated that native CYP2E1
protein turnover followed a biphasic pattern, and
acetone or ethanol treatment prolonged the half-life
of CYP2E1 in rat liver by eliminating the fast-phase
component.[10,11] In primary cultures of rat hepato-
cytes, CYP2E1 protein was also maintained by
ethanol or imidazole even when mRNA rapidly
disappeared.[7]

CYP2E1 has a short life (4–7 h).[9 – 12] Several
mechanisms for this rapid degradation of CYP2E1
have been suggested. One pathway may involve a
cAMP-dependent phosphorylation of CYP2E1, fol-
lowed by heme loss and subsequent degradation by
serine proteases present in the endoplasmic reticu-
lum (ER).[13] Other studies have shown that this
rapid CYP2E1 degradation process involves the
ubiquitin-dependent or -independent proteasome
complex system.[10,12,14,15]

The P-450 enzymes, which utilize oxygen to
oxidize their substrates, are important sources of
reactive oxygen species (ROS) formation and lipid
peroxidation (LPO). Superoxide anion ðO†2

2 Þ and
hydrogen peroxide (H2O2) are formed by P-450s
even in the absence of exogenous uncoupling
substrate.[2,16,17] In the presence of microsomal
non-heme iron, O†2

2 and H2O2 can be converted to
reactive hydroxyl radical (OH†).[17,18] CYP2E1 is
more active in producing ROS and catalyzing LPO
than other P-450 isoforms in a substrate-free form.[2]

Recently, several studies have suggested the
involvement of oxidative reaction in the CYP2E1
turn-over process[10,15,19,20]. Roberts reported a 20 S
proteasome-mediated degradation of CYP2E1, in a
process that requires prior labilization of the
enzyme.[15] The 20S proteasome has been
showed to be involved in selective degradation of

oxidatively modified proteins[21]. Goasduff and
Cederbaum also suggested that NADPH-dependent
production of microsomal ROS may result in
oxidative modification of CYP2E1, followed by a
rapid degradation of the labilized CYP2E1 by
cytosolic proteasome complex.[20] However, it is
not well known whether the increased level of
CYP2E1 protein in response to xenobiotics is
mediated by inhibition of oxidative modification of
CYP2E1 or by increased resistance to proteolytic
degradation of oxidatively modified CYP2E1.

To evaluate the role of xenobiotics in the
modification of CYP2E1 protein in oxidative reac-
tions, we examined whether xenobiotics can protect
CYP2E1 protein from oxidative modification in
NADPH-dependent microsomal reactions, and
whether the observed effect of xenobiotics is
mediated by inhibition of NADPH-dependent pro-
duction of microsomal ROS and LPO. We also
compared the effect of xenobiotics with that of CCl4,
which is known to accelerate CYP2E1 proteolysis
in vivo.[14] In these experiments, we divided the
xenobiotics into two groups by their properties,
which are “tight” binders to CYP2E1 (4-MP, imida-
zole, isoniazid and pyridine) and “weak” binders to
CYP2E1 (ethanol, acetone and glycerol).[9,22 – 25]

MATERIALS AND METHODS

Materials

Polyclonal rat anti-CYP2E1 antibody was obtained
from Calbiochem (La Jolla, CA, USA). This antibody
has no cross-reactivity with other P-450 enzymes. All
other chemicals were Sigma Chemical (St. Louis,
MO, USA). Solutions were prepared using Milli-Q
water (18.2 MV cm).

Animals and Microsome Preparation

Male Sprague–Dawley rats (150–180 g, Iffa-Credo,
France) were housed in a controlled environment
room with a 12 h light/dark photoperiod. The rats
were fasted overnight prior to sacrifice. Liver
microsomes were prepared by differential centrifu-
gation as previously described.[2] Protein concen-
trations were determined[26] with bovine serum
albumin as a standard.

Cell Lines and Cell Culture

A HepG2 subclone overexpressing CYP2E1, HepG2-
CYP2E1-E47 (E47 cells), was generously supplied by
Dr Cederbaum (Mount Sinai School of Medicine, NY,
USA).[27] E47 cells contain the human CYP2E1 cDNA
inserted into the EcoRI restriction site of the pCI-neo
expression vector in the sense orientation. C34 cells
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(control HepG2 cells) contain the pCI-neo vector
alone. The HepG2 transduced clones C34 and E47
were cultured in minimal essential medium sup-
plemented with 10% fetal calf serum, 100 units/ml
penicillin, 100 mg/ml streptomycin, and 2 mM
glutamine in a humidified atmosphere in 5% CO2

at 378C. Cells were maintained in the presence of
0.4 mg/ml of geneticin. Microsomes were prepared
by differential centrifugation of the sonicated cell
extracts and resuspended in phosphate buffer.

Measurement of Generation of Microsomal ROS
and LPO-derived Reactive Species

The rate of generation of ROS and LPO-derived
species was quantified with the fluorescent
probe precursor, 20,70-dichlorofluorescin diacetate
(DCFHDA), a probe that has been utilized exten-
sively in microsomal system.[16,17] This assay has
been shown to detect the fluorescence associated
with the oxidation of 20,70-dichlorofluorescin
(DCFH) by several reactive intermediates, including
O†2

2 , H2O2, OH† and LPO-derived reactive species
in microsomes.[17] Microsomes (rat, 0.5 mg/ml;
E47 cells, 1.0 mg/ml) were incubated for 15 min
with 4 mM DCFHDA for de-esterification by
endogenous esterase in a reaction system containing
50 mM phosphate buffer, pH 7.4 at 378C and then for
an additional 30 min in the absence or presence of
0.5 mM NADPH. The microsomes were preincu-
bated for 5 min in the presence of “tight” binders to
CYP2E1 (2 mM), “weak” binders (200 mM), reduced
glutathione (GSH) (2 mM), ascorbic acid (2 mM),
diphenyleneiodonium (DPI) (25 mM), mannitol
(0.1 M), dimethylsulphoxide (DMSO) (50 mM),
ethylenediamine tetraacetic acid (EDTA) (0.2 mM),
desferrioxamine (0.2 mM) or CCl4 (2 mM) prior to the
addition of NADPH. At the end of incubation
fluorescent 20,70-dichlorofluorescin (DCF) formation
was monitored using a microplate fluorimeter
(Cytofluor 2350; Millipore; Bedford, MA, USA) at
an excitation and emission wavelength of 485 and
530 nm, respectively. The rate of DCFHDA oxidation
was linear over the incubation period. A standard
curve using 0.01–0.10mM DCF was prepared and
the results were expressed as picomoles of DCF
formed per minute per milligram of protein.

Measurement of Modification of Microsomal and
CYP2E1 Proteins

The modification of microsomal and CYP2E1
proteins was followed in a reaction system contain-
ing 50 mM phosphate buffer, pH 7.4 and rat liver
microsomes (0.5 mg/ml). The microsomes were
preincubated for 5 min in the presence of “tight”
binders to CYP2E1 (2 mM), “weak” binders
(200 mM), GSH (2 mM), ascorbic acid (2 mM),

DPI (25mM), mannitol (0.1 mM), DMSO (50 mM),
EDTA (0.2 mM), desferrioxamine (0.2 mM) CCl4
(2 mM) or phenylmethylsulfonyl fluoride (PMSF)
(0.6 mM) prior to NADPH (0.5 mM) addition. DMSO
(10 or 50 mM) was used to dissolve PMSF. The
sample incubation was carried out at 378C for 4 h in
the absence or presence of NADPH and the reaction
was stopped by adding one volume of the sodium
dodecyl sulfate-polyacrylamide gel-electrophoresis
(SDS-PAGE) running buffer followed by heating at
1008C. The modification of microsomal proteins and
CYP2E1 protein was monitored by 12% SDS-PAGE
under reducing conditions followed by Coomassie
Brilliant Blue staining or Western blot analysis.
Western blot analysis was carried out as described
previously[28] using polyclonal rat anti-CYP2E1
antibody. The blots were quantified by densitometry
using Biomax 1D software (Kodak).

Measurement of Microsomal LPO

Microsomal LPO was monitored using a reverse-
phase HPLC method devoted to the measurement of
malondialdehyde (MDA) after precolumn derivati-
zation with thiobarbituric acid (TBA).[29] After
30 min microsomal incubation (rat liver microsomes,
0.5 mg/ml), with tested compounds, a 20ml aliquot
of microsomal incubation mixture diluted 15-fold
was added to 0.25 ml of 1.22 mM H3PO4 and 0.25 ml
of 0.67% TBA. The mixture was heated for 60 min at
958C in vials closed under nitrogen. To 200ml of the
resulting mixture, 340ml of methanol and 60ml of
1 mM NaOH were added and samples were
centrifuged at 9500g for 5 min at 48C. HPLC
chromatography was performed with a Nucleosil
100A C18 (5mM) 125 mm £ 4 mm ID (Macherey-
Nagel; Düren, Germany) column equipped with a
LiChrospher RP-18 end-capped (5mm) 4 mm £ 4 mm
ID (Merck) precolumn. The mobile phase was 25 mM
phosphate buffer pH 6.5–methanol (60:40, v/v) at a
flow rate of 0.8 ml/min and at 358C. Spectrofluori-
metric detection was operated at an excitation and
emission wavelength at 532 and 553 nm, respectively.
For quantification, the calibration curve was made
with MDA prepared from 1,1,3,3-tetraethoxypro-
pane hydrolyzed in acidic medium.

Measurement of Free Radical Scavenging Capacity

The free radical scavenging capacity of CYP2E1
binders was determined with widely used stable free
radical 2,2-diphenyl-1-picrylhydrazyl (DPPH).[30,31]

The reaction involves a color change from violet to
yellow that can easily be monitored by measuring
the decrease in absorbance at 515 nm. A 0.02 ml
aliquot of the tested compound at the indicated
final concentration was mixed with 0.18 ml of
0.1 mM DPPH solution (in 50% ethanol) in a 96 well
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microplate and the absorbance change was deter-
mined at 515 nm on a microplate spectrophotometer
reader (Power Wave X, Bio-Tek).

Measurement of Microsomal CYP2E1 Activity

CYP2E1 activity was determined on microsomes
from E47 cells using the hydroxylation of chlorzoxa-
zone measured by HPLC.[32]

Statistical Analysis

Each experiment was performed at least three times.
The results were compared using one-way ANOVA
followed by Newman–Keuls multiple range test,
p , 0:05:

RESULTS

NADPH-dependent Microsomal Oxidation of
DCFHDA

The generation of microsomal ROS and LPO-derived
reactive species was measured by oxidation
of DCFHDA.[16,17] Addition of NADPH to the rat
liver microsomes initiated DCFHDA oxidation
which was elevated more than ten times in the
presence of 0.5 mM NADPH (570 ^ 51 pmol/min/
mg/protein) (Fig. 1). The addition of GSH (2 mM) or
ascorbic acid (2 mM), which are known to inhibit
microsomal LPO and scavenge ROS, decrease

the DCFHDA oxidation by 63 or 73%, respectively
(Fig. 1). When we added 25mM DPI (an inhibitor of
flavin oxidoreductase such as NADPH-cytochrome
P-450 reductase),[33] which suppresses NADPH-de-
pendent electron transfer, the oxidation of DCFHDA
was inhibited by 85%. These results demonstrate
that inhibitors of LPO, ROS scavengers, and
inhibitors of microsomal enzyme can prevent the
NADPH-dependent oxidation of DCFHDA. We
used iron chelators in order to evaluate the
involvement of metal ion in this reaction. This
NADPH-dependent oxidation of DCFHDA was
strongly inhibited by EDTA or desferrioxamine
treatment (Fig. 1). However, mannitol (100 mM) or
DMSO (50 mM), OH† scavengers, exhibited weak
inhibitory effects, although the effect of DMSO was
significant (Fig. 1).

The microsomal NADPH-dependent oxidation of
DCFHDA was also measured in the presence
of “tight” binders (4-methylpyrazole, imidazole,
isoniazid, or pyridine) or “weak” binders to CYP2E1
(ethanol, acetone or glycerol). The process was
inhibited in the presence of “tight” binders (Fig. 1).
The inhibition was about 40% and isoniazid
appeared to have stronger inhibitory effect (60%)
than other “tight” binders. The “weak” binders
exhibited little inhibitory effect on DCFHDA
oxidation. Both acetone and glycerol had no
significant effect, while ethanol showed a weak,
but significant inhibitory effect. When CCl4, a
suicide substrate of CYP2E1, was present in the

FIGURE 1 NADPH-initiated microsomal oxidation of DCFHDA and its modification in the presence of GSH, ascorbic acid, DPI,
chelating agents, hydroxyl radical scavenger, “tight” binders to CYP2E1, “weak” binders to CYP2E1 and CCl4. Microsomal oxidation of
DCFHDA was measured as described under “Materials and Methods” section with rat liver microsomes in the presence of indicated
additions. Values are the mean ^ SD of three individual determinations. Number signs indicate a significant difference from the NADPH
control (One-way ANOVA followed by Newman–Keuls multiple range test, p , 0:05) [(Mic: microsomes (0.5 mg/ml) alone), (NADPH:
microsomes þ NADPH (0.5 mM)), other samples contains microsomes, NADPH and indicated additions. (Asc: ascorbic acid), (Des:
desferrioxamine), (Man: Mannitol)].
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incubation mixture, the DCFHDA oxidation was
stimulated by about 50% (Fig. 1).

NADPH-dependent Modification of Microsomal
Proteins

To demonstrate the biological significance of this
NADPH-dependent microsomal LPO-derived reac-
tive species and ROS production measured by
DCFHDA oxidation, we examined the effect of
NADPH on the modification of microsomal proteins.
The Coomassie Brilliant Blue SDS-PAGE profile of
the microsomal proteins modification is shown in
Fig. 2. The electrophoretical profiles of microsomal
proteins incubated with NADPH for 4 h at 378C
(Fig. 2, lines 4 and 10) were selectively modified at
various degrees, when the protein profiles were
compared to NADPH non-treated microsomes
(Fig. 2, lines 3 and 9). The 50–55 kDa microsomal
proteins markedly disappeared and high molecular
weight aggregates appeared on the surface of
stacking gel (Fig. 2, Area A) or on the junction of
stacking and separating gel (Fig. 2, Area B) without
penetrating into the 12% separating gel layer. These
protein aggregates may result from the polymeri-
zation of low molecular weight proteins (under
55 kDa), which markedly disappeared. Those in the
60 – 100 kDa molecular weight zone remained
unchanged after incubation with NADPH.

In the presence of GSH, ascorbic acid or DPI, we
did not observe the strong modification of 50–55 kDa
microsomal proteins and the high molecular weight
aggregates, thus suggesting a protection of micro-
somal proteins from the LPO-derived reactive
species and ROS (Fig. 2, lines 8, 15 and 19). Addition
of 0.2 mM EDTA or desferrioxamine in the incu-
bation mixture completely prevented the NADPH-
dependent modification of microsomal proteins
(Fig. 2, lines 5 and 6). These results suggests a
requirement for iron and therefore the OH† or LPO-
derived reactive products are responsible. Mannitol
(100 mM) and DMSO (50 mM) failed to prevent this
modification (Fig. 2, lines 1 and 2), suggesting a
LPO-dependent modification, rather than the effects
of OH†.

We evaluated whether CYP2E1 binders influence
the degree of the observed modification. Treatment
with CYP2E1 binders did not protect the microsomal
proteins from NADPH-dependent modification,
with the exception of isoniazid (Fig. 2, lines 11–14
and 16–18). Incubation in the presence of isoniazid at
a concentration of 2 mM prevented the modification
of the low molecular weight bands (in the 50–55 kDa
zone), which is approximately 80% of their initial
total optical band intensity as quantified by densito-
metry (Fig. 2, line 13). There was also a decrease in the
polymers at the surface of the gel (Fig. 2, Area A, line
13) and at the junction of the both gels (Area B).

FIGURE 2 Effect of hydroxyl radical scavenger, chelating agents, CCl4, GSH, “tight” binders to CYP2E1, DPI, “weak” binders to CYP2E1,
and ascorbic acid on NADPH-dependent modifications of microsomal proteins. The rat liver microsomes (0.5 mg/ml) were incubated with
NADPH (0.5 mM) at 378C for 4 h in the presence of indicated additions, followed by SDS-PAGE and Coomassie Brilliant Blue staining
[(Mic: microsomes (5mg) alone), (NAD: microsomes þ NADPH), other samples contain microsomes, NADPH and indicated additions:
(Man: Mannitol, 100 mM), (DM: DMSO, 50 mM), (ED: EDTA, 0.2 mM), (Des: desferrioxamine, 0.2 mM), (CCl4: CCl4, 2 mM), (GSH: GSH,
2 mM), (MP: 4-MP, 2 mM), (Imi: imidazole, 2 mM), (Iso: Isoniazid, 2 mM), (Pyr: Pyridine, 2 mM), (DPI: DPI, 25mM), (Eth: Ethanol, 200 mM),
(Ace: Acetone, 200 mM), (Gly: Glycerol, 200 mM), (Asc: Ascorbic acid, 2 mM)].
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Ethanol, glycerol and 4-MP, which are also known as
OH† scavengers,[34] did not show any protective
effect. Treatment with CCl4 did not modify the degree
of the NADPH-dependent modification of micro-
somal proteins (Fig. 2, line 7).

NADPH-dependent Microsomal LPO

Since LPO-derived reactive species are considered to
play an important role in these NADPH-dependent
oxidations, microsomal LPO was evaluated using the
HPLC method for the measurement of MDA. Table I
demonstrates the effect of several different com-
pounds on NADPH-dependent microsomal MDA
formation. Addition of NADPH initiated micro-
somal LPO. In the presence of GSH, ascorbic acid,
DPI, EDTA and desferrioxamine, the NADPH-
dependent LPO was strongly inhibited by about
50–70%. Among the tested CYP2E1 binders, only
isoniazid showed a significant inhibition (50%)
whereas other CYP2E1 binders did not significantly
inhibit this reaction (Table I). When CCl4 was present
in the incubation mixture, the LPO was stimulated
by about 100%.

NADPH-dependent Modification of CYP2E1
Protein

Since the modification of CYP2E1 protein cannot be
evaluated with Coomassie Brilliant Blue staining, we
performed Western blot analysis to study the
modification of CYP2E1 protein. The specific anti-
CYP2E1 antibody recognized in microsomes only
one major protein band with a molecular weight of
52 kDa corresponding to that of CYP2E1 (Fig. 3A,
lines 1 and 7). After 4 h incubation with NADPH, the
intensity of the CYP2E1 protein band was decreased
by 94% as quantified by densitometry (Fig. 3A, lines

2 and 8; Fig. 3B). In the presence of EDTA,
desferrioxamine, ascorbic acid, GSH and DPI, the
diminution of the CYP2E1 band intensity was
strongly counteracted, suggesting that these com-
pounds protected the CYP2E1 proteins from modi-
fications (Fig. 3A, lines 3–6 and 13; Fig. 3B).

We evaluated whether “tight” and “weak” binders
to CYP2E1 could protect CYP2E1 protein in the
NADPH-dependent microsomal oxidative reaction.
All of tested compounds added to the incubation
medium prevented the modification of CYP2E1
protein with the exception of glycerol (Fig. 3A, lines
9–12 and 15–17). Each compound showed a different
potency in protection (Fig. 3B), isoniazid being
the most effective whereas ethanol the least effec-
tive (isoniazid . 4-MP ¼ imidazole ¼ pyridine @

acetone . ethanol). “Tight” binders were more
effective than “weak” binders. 4-MP, imidazole and
pyridine exhibited similar protective potency. The
treatment with CCl4 accelerated the CYP2E1 modifi-
cation (Fig. 3A, line 14 and B).

Effect of Protease Inhibitor on NADPH-dependent
Modification of CYP2E1 Protein

To study if proteases are involved in the observed
CYP2E1 modifications, we employed PMSF, an
inhibitor of serine proteases.[35] The NADPH-
dependent modification of CYP2E1 protein was not
inhibited in the presence of 0.6 mM PMSF (Fig. 4),
suggesting a direct oxidative degradation of CYP2E1
rather than protease-mediated degradation.

Free Radical Scavenging Capacity

Since only isoniazid prevented the NADPH-depen-
dent microsomal proteins modification and LPO
among the tested CYP2E1 binders, we explored the

TABLE I Effects of GSH, ascorbic acid, DPI, chelating agents, “tight” binders to CYP2E1, “weak” binders to CYP2E1 and CCl4 on
NADPH-dependent lipid peroxidation in rat liver microsomes. Incubations (30 min) were performed with rat liver microsomes
(0.5 mg/ml) in 50 mM phosphate buffer, pH 7.4 as outlined under “Materials and Methods” section

MDA (pmol/min/mg) Percentage of NADPH control

Mic 23.8 ^ 10.2# 9
Mic þ NADPH (0.5 mM) 256.0 ^ 40.3 100
Mic þ NADPH þ GSH (2 mM) 133.0 ^ 41.2# 52
Mic þ NADPH þ Ascorbic acid (2 mM) 117.8 ^ 35.4# 46
Mic þ NADPH þ DPI (25mM) 107.5 ^ 13.6# 42
Mic þ NADPH þ EDTA (0.2 mM) 84.5 ^ 16.1# 33
Mic þ NADPH þ Desferrioxamine (0.2 mM) 110.1 ^ 17.4# 43
Mic þ NADPH þ 4-MP (2 mM) 221.4 ^ 39.3 87
Mic þ NADPH þ Imidazole (2 mM) 245.0 ^ 45.1 96
Mic þ NADPH þ Isoniazid (2 mM) 133.1 ^ 39.2# 52
Mic þ NADPH þ Pyridine (2 mM) 225.0 ^ 40.2 88
Mic þ NADPH þ Ethanol (0.2 mM) 291.8 ^ 51.6 114
Mic þ NADPH þ Acetone (0.2 mM) 307.2 ^ 39.8 120
Mic þ NADPH þ Glycerol (0.2 mM) 350.7 ^ 29.2# 137
Mic þ NADPH þ CCl4 (2 mM) 527.4 ^ 30.7# 206

Values are the mean ^ SD of three individual determinations. #Sign indicates a significant difference from microsomes þ NADPH. (One-way ANOVA
followed by Newman–Keuls multiple range test, p , 0:05) (Mic: microsomes).
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possibility that this compound might have an
antioxidant property. We thus compared its free
radical scavenging ability with that of GSH and
ascorbic acid by using the DPPH assay. Isoniazid,
GSH and ascorbic acid were powerful scavengers of
DPPH free radicals whereas other CYP2E1 binders,
DPI and EDTA did not show any effect (Fig. 5A
and B). The free radical scavenging ability of
isoniazid was as effective as that of GSH.

Experiments with HepG2 Cells Transfected by
CYP2E1

We also evaluated whether the CYP2E1 binders can
inhibit CYP2E1-dependent production of ROS and
LPO-derived reactive species. Since it is not clear
how much of these reactive species production

is due to CYP2E1 in rat liver microsomes, we
used microsomal fractions prepared by CYP2E1
transfected HepG2 (E47) cells and control HepG2
(C34) cells. We compared DCFHDA oxidation in
microsomal fractions from E47 and C43 cells. This
result showed a 6.1-fold increase in DCFHDA
oxidation in microsomes from E47 cells as compared
to C34 cells in the presence of NADPH (E47 cells,
48:1 ^ 7:5 pmol=min=mg; C34 cells, 7.9 ^ 2.3 pmol/
min/mg), supporting strong participation of the
transfected CYP2E1. Among the tested CYP2E1
binders, only isoniazid significantly (60%) inhibited
DCFHDA oxidation in E47 cells microsomes (Fig. 6).
This result correlates with the antioxidant property
of isoniazid observed in experiments with rat liver
microsomes. Other binders did not significantly
inhibit the reaction.

FIGURE 3 Influence of chelating agents, ascorbic acid, GSH, “tight” binders to CYP2E1 DPI, “weak” binders to CYP2E1, and CCl4 on
NADPH-dependent modifications of CYP2E1 protein. The rat liver microsomes (0.5 mg/ml) were incubated with NADPH (0.5 mM) at
378C for 4 h in the presence of indicated additions, followed by SDS-PAGE and Western blot analysis using anti-P450 antibodies (A) as
described in “Materials and Methods” section and quantified by densitometry analysis of remaining CYP2E1 protein (B). Values are the
mean ^ SD of three individual determinations [(Mic: microsomes (5mg) alone), (NAD: microsomes þ NADPH), other samples contain
microsomes, NADPH and indicated additions (ED: EDTA, 0.2 mM), (Asc: Ascorbic acid, 2 mM), (Des: desferrioxamine, 0.2 mM), (MP: 4-
MP, 2 mM), (Imi: imidazole, 2 mM), (Iso: Isoniazid, 2 mM), (Pyr: Pyridine, 2 mM), (DPI: DPI, 25mM), (CCl4: CCl4, 2 mM), (Eth: Ethanol,
200 mM), (Ace: Acetone, 200 mM), (Gly: Glycerol, 200 mM)].
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For the following experiments, the CYP2E1 activity
was measured in the presence of CYP2E1 binders
using chlorzoxazone as a specific CYP2E1 substrate in
E47 microsomes. In the presence of ethanol (20 mM),
acetone (20 mM), 4-MP (0.2 mM), or isoniazid
(0.2 mM), the CYP2E1 activity was inhibited by 65,
55, 85 or 84%, respectively. “Tight” CYP2E1 binders
were more effective in inhibition of CYP2E1 activity
that “weak” binders.

DISCUSSION

The results of the present investigation demonstrate
that LPO plays a major role in the NADPH-
dependent modification of microsomal proteins.
The prevention of microsomal protein modification
by EDTA and desferrioxamine suggests a require-
ment for iron and therefore the hydroxyl radical or
LPO is responsible for this modification, rather than
O†2

2 or H2O2. The weak effects of OH† scavengers
(DMSO, mannitol, ethanol, glycerol, and 4-MP)[34]

suggest LPO.
Therefore, it is believed that LPO-derived reactive

species cause the observed NADPH-dependent
modification of CYP2E1 protein. It is known that
LPO induces destruction of heme enzymes.[36] A
direct relationship between LPO and breakdown of
P-450 was demonstrated in previous studies.[36]

Isoform-specific degradation of P-450 by LPO in
rat liver microsomes was also reported.[37] The results

from the present experiment with PMSF also
support, proteases-independent, direct oxidative
modification of CYP2E1 protein.

The present study demonstrates that CYP2E1
binders and isoniazid differentially inhibit LPO-
catalyzed oxidative modification of CYP2E1 protein
in NADPH-dependent microsomal reactions. It
seems that CYP2E1 binders protect CYP2E1 protein
from the oxidative modification mainly by binding to
its active site, which provides a steric protection of
some sensitive structural elements, rather than by
blocking the reactive species production, because
these compounds, except isoniazid, did not inhibit
NADPH-dependent LPO. In the case of isoniazid,
this compound exerted its strong protective effect on
CYP2E1 protein modification by its ability to
scavenge free radicals, besides its binding affinity
to CYP2E1.

Another experimental support for the role of
binding in CYP2E1 protein protection is based on
previous study monitoring the effects of ethanol,
2-propanol, and DMSO on the loss of CYP2E1 in
cultured hepatocytes.[7] Their ability to maintain
CYP2E1 levels was correlated with the spectral
binding constant (Kd) for the purified enzyme.
In these studies, “tight” binders showed stronger
protective effects on CYP2E1 modification than
“weak” binders. The strong binding affinity of
N-based ligands to CYP2E1 has been shown in the
previous studies[22 – 24] and it is known that the
nitrogen lone pair of electrons has a strong affinity
for heme of CYP2E1.[22]

The observed inability of glycerol to prevent
CYP2E1 modification can be explained by absence of
direct CYP2E1 binding ability of this compound and
its stimulation of the microsomal LPO. Glycerol is
not a direct substrate for oxidation to formaldehyde
by CYP2E1, but it is a substrate for an oxidant
derived from interaction of iron with H2O2 generated
by P-450.[25] No distinct substrate binding spectrum
was observed when 2 M glycerol was added to
microsomal systems in the study of Voznesensky and
Schenkman.[38]

The CCl4 is known to be metabolized by CYP2E1
to trichloromethyl radical (†CCl3), a carbon-centered
radical, which will increase microsomal LPO.[39]

Tierney et al.[14] using an in vivo mouse model,
showed that CYP2E1 inactivated by CCl4 was
rapidly removed from the ER. Our results from the
experiment with CCl4 demonstrate that its LPO
stimulating metabolism accelerates the modification
of CYP2E1 protein.

The observed inhibition of DCFHDA oxidation by
“tight” binders in rat liver microsomes seems to have
a limited biological significance under these experi-
mental conditions because “tight” binders were not
able to prevent NADPH-dependent modification of
microsomal proteins. Although CYP2E1 binders

FIGURE 4 Influence of PMSF on NADPH-dependent
modifications of microsomal CYP2E1 protein. The rat liver
microsomes (0.5 mg/ml) were incubated with NADPH (0.5 mM)
at 378C for 4 h in the presence of indicated additions, followed by
SDS-PAGE and Western blot analysis using anti-P450 2E1
antibodies. DMSO (10 or 50 mM) was used to dissolve PMSF.

D.W. CHOI et al.900

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
5/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FIGURE 5 Free radical scavenging capacity of isoniazid, GSH and ascorbic acid. The free radical scavenging capacity of CYP2E1
binders, DPI, GSH, ascorbic acid, and EDTA was measured using DPPH (0.1 mM) as described under “Materials and Methods” section
(A): photograph of 96 wells micro plate and (B): quantification of DPPH absorbance at 515 nm [(Control: DPPH alone), other samples
contain DPPH and indicated additions: (Imi: imidazole), (Iso: Isoniazid), (Pyr: Pyridine), (Ace: Acetone), (Gly: Glycerol), (Asc: Ascorbic
acid)].

FIGURE 6 Effect of CYP2E1 binders, DPI on NADPH-dependent oxidation of DCFHDA in microsomal fractions from CYP2E1
transfected HepG2 cells. Microsomal oxidation of DCFHDA was measured as described under “Materials and Methods” section with E47
cells microsomes in the presence of indicated additions. Values are the mean ^ SD of three individual determinations. Number signs
indicate a significant difference from the NADPH control. (One-way ANOVA followed by Newman–Keuls multiple range test, p , 0:05)
[(Mic: microsomes (1.0 mg/ml) alone), (NADPH: microsomes þ NADPH (0.5 mM)], other samples contain microsomes, NADPH and
indicated additions.
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strongly inhibited CYP2E1 activity in E47 cells
microsomes, these compounds were not able to
inhibit CYP2E1-mediated DCFHDA oxidation,
reflecting the loose coupling associated with this
enzyme.[40,41] Therefore, the observed inhibition of
DCFHDA oxidation by “tight” binders in rat liver
microsomes can be considered to be a consequence
of non-specific inhibition of other P-450 isoforms.

It has been postulated in many studies that
CYP2E1 binders stabilize CYP2E1 protein because
these compounds inhibit proteolytic degradation of
the enzyme.[7 – 12] Recently, several studies suggested
that P-450-dependent oxidative reaction plays an
important role in the rapid CYP2E1 turn-over
process.[10,15,19,20] However, it is not well known
whether the stabilization effect of CYP2E1 binders is
mediated either by inhibition of the oxidative
modification of CYP2E1 or by prevention of the
proteolytic degradation of xenobiotic-bound
CYP2E1. The present study showed that CYP2E1
binders inhibit oxidative modification of CYP2E1
protein in protease-independent oxidative reactions.
Therefore, these effects of CYP2E1 binders are
considered to contribute to the regulation of hepatic
CYP2E1 protein level in response to these com-
pounds via stabilization of the protein.
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