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Abstract
AIM: To observe the relationship between ethanol-induced
oxidative damage in human primary cultured hepatocytes
and cytochrome P450 2E1 (CYP2E1) activity, in order to
address if inhibition of CYP2E1 could attenuate ethanol-
induced cellular damage.

METHODS: The dose-dependent (25–100 mmol/L) and
time-dependent (0-24 h) exposures of primary human
cultured hepatocytes to ethanol were carried out. CYP2E1
activity and protein expression were detected by
spectrophotometer and Western blot analysis respectively.
Hepatotoxicity was investigated by determination of lactate
dehydrogenase (LDH) and aspartate transaminase (AST)
level in hepatocyte culture supernatants, as well as the
intracellular formation of malondialdehyde (MDA).

RESULTS: A dose-and time-dependent response between
ethanol exposure and CYP2E1 activity in human
hepatocytes was demonstrated. Moreover, there was a
time-dependent increase of CYP2E1 protein after 100
mmol/L ethanol exposure. Meanwhile, ethanol exposure
of hepatocytes caused a time-dependent increase of
cellular MDA level, LDH, and AST activities in supernatants.
Furthermore, the inhibitor of CYP2E1, diallyl sulfide (DAS)
could partly attenuate the increases of MDA, LDH, and
AST in human hepatocytes.

CONCLUSION: A positive relationship between ethanol-
induced oxidative damage in human primary cultured
hepatocytes and CYP2E1 activity was exhibited, and the
inhibition of CYP2E1 could partly attenuate ethanol-induced
oxidative damage.

© 2005 The WJG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

The enzymes that are believed to be primarily responsible
for the oxidation of ethanol are alcohol dehydrogenase,
catalase, and cytochrome P450 2E1 (CYP2E1), all of which
appear to be relatively widely distributed in mammalian
cell types[1,2]. Ethanol has long been known to have cytotoxic
effects on a wide variety of animal cell types, even at
relatively low doses[3,4]. In several cell types and organs such
as liver[5], it is now believed that the toxicity of ethanol
stems principally from free radicals produced during
oxidation[6] that can then damage cellular components such
as DNA, proteins, and membrane lipids.

CYP2E1 is of special interest because of its ability to
metabolize and activate numerous hepatotoxic substrates
in the liver such as ethanol, carbon tetrachloride,
acetaminophen, and N-nitroso dimethylamine, to more toxic
products. CYP2E1 exhibits enhanced reduced form of
nicotinamide adenine dinucleotide phosphate oxidase activity
and is very reactive in catalysis of lipid peroxidation and
production of  reactive oxygen intermediates (ROI) such as
H2O2 in higher amounts relative to other P450 isoforms[7].
Induction of cytochrome CYP2E1 by ethanol appears to
be one of the central pathways by which ethanol generates
a state of oxidative stress. In addition, oxidation of ethanol
by CYP2E1 produces acetaldehyde, a highly reactive
compound that may contribute to the toxic effect of
ethanol[8]. Hence, there is considerable interest in the role
of reactive oxygen species (ROS) during ethanol metabolism
by which ethanol is hepatotoxic.

CYP2E1 is shown to be more effective in catalyzing
lipid peroxidation compared to several other forms of
cytochrome P450 enzymes. Increases in formation of  ROS
by microsomes isolated from ethanol-treated rats were
prevented by anti-CYP2E1 IgG, thus linking them to
induction of CYP2E1[9]. In the intragastric ethanol feeding,
significant alcoholic injury occurred[10]. In addition, large
increases in lipid peroxidation have been observed, and the
ethanol-induced liver pathology has been shown to correlate
with CYP2E1 levels and elevated lipid peroxidation, and to
be blocked by inhibitors of CYP2E1. Moreover, CYP2E1



inhibitors also reduced ethanol-induced ROS formation,
suggesting that CYP2E1 contributes to ROS formation.
Inhibitors of CYP2E1 were also shown to prevent ethanol
cytotoxicity in transduced HepG2 cells[11].

However, question arises whether the responses to
expression of  different forms of  cytochromes P450 are
similar in rats and humans. The concentrations of ethanol
required to increase CYP2E1 in cultured human hepatocytes
are dramatically lower than those required to induce these
forms of  P450 in cultured rat hepatocytes. The activity of
alcohol dehydrogenase, a major enzyme involved in ethanol
metabolism, is lower in human liver than in rat liver. Thus,
in the human hepatocyte cultures, more ethanol may be
available intracellularly to induce the P450s due to lower
metabolism. Alternatively, the mechanism of induction of
these forms of  P450s may be different in human than in
rat hepatocytes[12]. In this study, we investigated the effects
of ethanol administration on human primary culture
hepatocytes in order to determine if  there is a correlation
between CYP2E1 activity and ethanol-induced oxidative
damage in human hepatocytes, and further address if diallyl
sulfide (DAS), an inhibitor of  CYP2E1[13], could partly
attenuate ethanol-induced oxidative damage.

MATERIALS AND METHODS

Materials
Williams’ medium E (with Glutamax-1), HEPES, and
penicillin/streptomycin were obtained from Life Technologies
(Karlsruhe, Germany), insulin and hydrocortisone were
supplied from Sigma (Deisenhofen, Germany), while calf
serum was purchased from PAA Ltd (Linz, Austria), anti-
mouse CYP2E1 antibody was purchased from Amersham
(Germany). Western blot development kits were purchased
from Amersham (ECL, Buckinghamshire, UK). All other
reagents were obtained from Sigma unless indicated otherwise.

Isolation and culture of human hepatocytes
Human liver tissue weighing 5-10 g was obtained from
liver resections of cholecystectomy of patients who had
no known liver pathology, nor had they received medication
during 4 wk prior to surgery. None of the patients was a
habitual consumer of alcohol or other drugs. The collection
of tissue was done according to institutional guideline, and
the patient’s written consent. Immediately after resection, a
wedge section of  the normal tissue was transferred under
sterile conditions to the laboratory in culture media. Human
hepatocytes were isolated by a two-step collagenase perfusion
technique followed by a Percoll centrifugation step as
previously described[14]. Hepatocyte purity assessed under
light microscope was over 95% and viability consistently
exceeded 93% by trypan blue exclusion. The freshly
harvested human hepatocytes were then seeded onto rat-tail
collagen-coated Petri dishes or 12-well culture trays. The
medium consisted of Williams’ E medium supplemented
with 1 µmol/L insulin, 15 mmol/L HEPES, 1.4 µmol
hydrocortisone, 10% calf serum, penicillin (100 U/mL),
and streptomycin (100 µg/mL). Cells were incubated in a
humidified incubator in 950 mL/L air and 50 mL/L CO2

at 37 ℃ until cell attachment. On the following day, cells

were exposed to various concentrations of ethanol (25-
100 mmol/L) for 9 h. Time-dependent studies were
undertaken in human hepatocytes using 100 mmol/L ethanol
between 0.5 and 24 h. At the corresponding time intervals,
cells and supernatants were collected in agreement with the
applied technique.

CYP 2E1 enzyme activity
Human hepatocytes were seeded onto 12-well dishes at a
concentration of 0.5×106 cells. The cells were cultured
overnight, fresh medium alone or medium containing various
concentrations of  ethanol or DAS (25-100 µmol/L) was
added, and the cells were incubated for various lengths of
time. Cells were harvested with a cell scraper and washed
with PBS twice. The activity of  CYP2E1 was determined
by the rate of hydroxylation of p-nitrophenol[15], at 546 nm.
Plates were washed with saline to remove traces of phenol
red and incubated with 0.5 mmol/L p-nitrophenol up to
60 min. The extinction coefficient for p-nitrophenol is
10.28 mmol/(L·cm). Results were expressed as formed
p-nitrophenol pmols/min/mg protein.

Cellular damage
LDH and AST measurement  Both enzymes, LDH and
AST, were measured using a commercially available test
kit. Results were expressed as units per liter.
Lipid peroxidation measurement  MDA, formed from
the breakdown of polyunsaturated fatty acids, was used as
a convenient index for determining the extent of  lipid
peroxidation reactions. It was assayed in human hepatocytes
using the thiobarbituric acid reaction as described by
Wrighton et al[12]. The absorbance of  the resulting organic
layer was measured spectrophotometrically at 532 nm
and calculated in relative to an external standard (1,1,3, 3-
tetraethoxypropane) of  MDA. Results were expressed as
nmol/mg of protein.
Western blot analysis  Cells were washed twice with
PBS and homogenized in a buffer containing protease
inhibitors. Protein concentrations were determined by the
method of Lowry, using bovine serum albumin as the
standard. Proteins were separated on a 10% SDS polyacrylamide
gel, and then transferred onto polyvinylidene difluoride
membranes[16,17]. Nonspecific binding sites were blocked
by overnight incubation of membranes in nonfat milk
(5/100 g) solution solved in PBS/Tween-20 at 4 ℃. After
washing with PBS/Tween-20, the membranes were
incubated with a CYP2E1 antibody, followed by an
incubation with a horseradish-peroxidase-conjugated
antibody at room temperature for 1 h. Then, membranes
were washed again with PBS/Tween-20 for 1 h, and the
immune complexes were developed using a chemilumin-
escence detection system. Equal loading of total protein
was verified using a commercially available antibody
against -actin[18].

Statistical analysis
Values were expressed as mean±SD of  three values per
experiment and experiments were repeated at least twice.
Differences were analyzed by using the ANOVA test.
Statistical significance was established at a P value <0.05.
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RESULTS

Dose- and time-dependent CYP2E1 activity by ethanol
administration
As depicted in Figure 1A, we observed a dose-dependent
increase in CYP2E1 activity, which reached its maximum
at 100 mmol/L ethanol after 9 h exposure as compared to
untreated control cultures (CT: 50.09±6.68 pmol/mg
protein per min vs 100 mmol/L ethanol: 130.7±12.61
pmol/mg protein per min; P<0.01). We found that the
exposure to 100 mmol/L ethanol led to a continuous increase
in CYP2E1 activity in human hepatocytes (Figure 1B).
CYP2E1 activity increased rapidly and reached its maximum
between 6 and 12 h after ethanol exposure. Then, by 24 h
we saw a decline of CYP2E1 activity. CYP2E1 activity
between 3 and 24 h was significantly higher compared to
untreated control cultures.

Time-dependent CYP2E1 protein expression after ethanol
exposure
Figure 2 shows a time-dependent expression of CYP2E1
protein in human hepatocytes. We demonstrated that the
exposure to 100 mmol/L ethanol of human hepatocytes
induced continuous increase of CYP2E1 protein expression
during the investigation period.

Cytotoxicity of ethanol in human hepatocytes
The formation of  various radicals was closely linked to

oxidative injury. A typical characteristic of  radical formation
was lipid peroxidation, where malondialdehyde (MDA) was
a by-product that could be easily measured in cells and
tissue. Figure 3 shows that MDA levels increased with
time, reaching first time significant level already after 3 h
(P<0.05 vs controls) of ethanol exposure. The maximum
MDA formation in human hepatocytes after ethanol
exposure was seen at 9 h and thereafter a slow decline of
the lipid peroxidation could be seen. Moreover, there
appeared to be a positive relation between CYP2E1 activity
and MDA level (r = 0.9724, P<0.01).

Further, the degree of cellular injury caused by ethanol
can be estimated by the leakage of enzymes from the
hepatocytes. In order to evaluate the hepatocellular damage
caused by ethanol, supernatants taken from hepatocyte
cultures were screened for the presence of LDH and AST.
In our experiments, ethanol caused a clear time-dependent
release of LDH and AST. (LDH: CT = 15.6±1.66 U/L,
100 mmol/L ethanol (24 h): 84.5±7.86 U/L, P<0.01 vs
CT; Figure 4. AST: CT = 94.22±9.52 U/L, 100 mmol/L

Figure 3  Ethanol-dependent formation of MDA in human hepatocytes.
Hepatocytes were incubated with 100 mmol/L ethanol for various lengths of time
(0-24 h). MDA formation was measured as described in Materials and methods.
CT: control; aP<0.05, bP<0.01 vs untreated control cultures. Each point represents
the mean±SE of triplicates of five independent experiments.
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Figure 1  Dose- and time-dependent CYP2E1 activity by ethanal administration.

A:  Ethanol dose-dependent induction of CYP450 2E1. Hepatocytes were

incubated with various concentrations of ethanol (0-100 mmol/L) for 9 h.

CYP2E1 enzyme activity was measured as described in Materials and

methods. CT: control; aP<0.05, bP<0.01 vs untreated control cultures. Each

point represents the mean±SE of triplicates of five independent experiments;

B: Ethanol time-dependent induction of CYP2E1 enzyme activity in human

hepatocytes. Hepatocytes were incubated with medium in the presence or

absence of 100 mmol/L ethanol for various lengths of time (0-24 h). CYP2E1

enzyme activity was measured. CT: control; aP<0.05, bP<0.01 vs untreated

control cultures. Each point represents the mean±SE of triplicates of five

independent experiments.

Figure 2  Western blot analysis of time-dependent induction of CYP2E1 protein
expression in human hepatocytes. Human hepatocytes were incubated with
medium alone or medium containing 100 mmol/L ethanol for 0-24 h. Each was
loaded with 100 g of the sample. Experiments were carried out as described
under Materials and methods (CT: control).
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ethanol (24 h): 181.91±11.55 U/L, P<0.01 vs CT Figure 5.)
The above results indicated that ethanol was toxic to human
hepatocytes, and there was positive relationship between
CYP2E1 activity induced by ethanol and ethanol-induced
cellular damage.

Protection from ethanol-induced oxidative damage by CYP2E1
inhibitors
In the following set of experiments we addressed the
question whether the inhibition of CYP2E1 could protect
human hepatocytes from ethanol-induced cellular damage.
First, we found that the co-induction of ethanol with 25 or
50 µmol/L DAS, produced no cellular protection against
the ethanol-induced cytotoxicity. In contrast, when cells were
co-inducted with 100 µmol/L DAS and ethanol for 9 h, we
saw a profound reduction of  MDA formation caused by
ethanol (Table 1). However, MDA formation was still higher
than that of untreated control cultures. This reversing effect
of  DAS was also seen with regard to the release of  LDH
and AST (Table 1). There was no effect on MDA, LDH,
and AST, when 25-100 µmol/L DAS was incubated with
ethanol, respectively (Table 1). Thus, the inhibition of
CYP2E1 could partly attenuate ethanol-induced cytotoxicity
in human primary hepatocytes.

DISCUSSION

Ethanol consumption and its effects on CYP2E1 in animals
have long been studied in the past. However, reports
about the influence of CYP2E1 inhibition on human
primary hepatocytes and its possible positive effects on
ethanol-induced toxicity are very limited. The concentrations
of ethanol required to increase CYP2E1 in cultured human
hepatocytes are dramatically lower than those required to
induce the same forms of  P450 in cultured rat hepatocytes.
The activity of alcohol dehydrogenase, a major enzyme
involved in ethanol metabolism, is lower in human liver
than in rat liver. Thus, in the human hepatocyte cultures,
more ethanol may be available intracellularly to induce the
P450s due to lower metabolism. Alternatively, the mechanism
of  induction of  these forms of  P450s may be different or
more sensitive in human than in rat hepatocytes[12]. It was
reported that 25-100 mmol/L ethanol could lead to sustained
cellular damage such as teratogenesis in guinea pigs,
ethanol-induced unconsciousness or even death in humans[19].
In the present study, 25-100 mmol/L ethanol was used to
investigate the relationship between ethanol exposure and
CYP2E1 gene expression. Meanwhile, cellular LDH, AST,
and MDA levels were chosen to assess hepatocyte damage
caused by ethanol exposure.

CYP2E1 is induced by a broad variety of chemicals, such
as ethanol. The production of ROS via CYP2E1 induction
may contribute to the development of alcoholic liver disease
or at least increase cytotoxic effects of alcohol[20]. Ethanol
is an essential CYP2E1 inducer in human hepatocytes, which
was also confirmed in a recent study by Ponsoda et al[21],
showing that human hepatocytes incubated with 100 mmol/L
ethanol showed a two- to threefold increase in CYP2E1
enzyme activity compared with untreated control cultures.
By use of recombinant retroviral expression, in addition to
ethanol (20-100 mmol/L) exposure, the culture medium
of the HepG2 cell line exhibited both a large increase of
CYP2E1 content and enzyme activity[22]. Our data confirmed
these results, clearly showing a dose-dependent and time-
dependent relationship between CYP2E1 enzyme activity
in human hepatocytes and ethanol exposure. Western blot
analysis further proved ethanol-induced CYP2E1 expression
in a time-dependent manner.

Figure 4  Time course experiments for LDH release after ethanol (100 mmol/L)
exposure between 0.5 and 24 h. CT: control; aP<0.05, bP<0.01 vs untreated
control cultures. Each point represents the mean±SE of triplicates of five
independent experiments.

Table 1  Ethanol exposure of hepatocytes causes cellular damage
in human hepatocytes

Group              MDA      LDH (U/L)  AST (U/L)
                  (nmol/mg protein)

CT       36.37±3.64       15.6±1.66             94.22±9.52

100 mmol/L ethanol       69.05±4.41       84.5±7.86           181.91±11.55

100 mmol/L ethanol plus       65.31±9.32       80.4±8.86           174.51±17.12

25 µmol/L DAS

100 mmol/L ethanol plus       59.54±7.02       75.5±7.06           160.42±17.86

50 µmol/L DAS

100 mmol/L ethanol plus       56.13±6.32a       70.8±6.24a          156.42±15.55a

100 µmol/L DAS

25 µmol/L DAS       37.43±3.45       16.7±1.85            93.056±9.64

50 µmol/L DAS       36.43±4.15       15.8±1.33   92.16±9.04

100 µmol/L DAS       38.43±4.05       17.6±1.95   96.32±10.08

aP<0.05 vs 100 mmol/L ethanol (n = 5).
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Figure 5  Time course experiments for AST release after ethanol 100 mmol/L
exposure between 0.5 and 24 h. CT: control; aP<0.05, bP<0.01 vs untreated
control cultures. Each point represents the mean±SD of triplicates of five
independent experiments.



Lipid peroxidation (and associated membrane damage)
is a key feature in alcoholic liver injury. It resulted in
increased excretion of  MDA in the urine of  rats following
short- and long-term administration of  relatively low doses
of ethanol[23]. Lipid peroxidation results directly from the
increased oxygen radical production inducted by CYP2E1.
In the present work, we have demonstrated that time-
dependent increased MDA levels were directly linked to
the presence of ethanol and there was a clear relationship
between MDA levels and CYP2E1 changes in hepatocytes
after ethanol administration.

The increase in LDH activity is seen in many pathologic
conditions. Release of the intracytoplasmic enzyme LDH
into cell culture medium is frequently used as a measure of
cellular injury. AST is present only in hepatocytes, located
in mitochondria and cytoplasm. Like LDH, its increase is
an early sign of cellular injury. In the present study, ethanol
clearly caused a time-dependent release of LDH and AST,
and there was a positive relationship between the induction
of CYP2E1 activity and the release of LDH and AST.
Ethanol exposure could cause marked cellular damage in
human primary cultured hepatocytes.

It was demonstrated that ethanol cytotoxicity was directly
related to CYP2E1 enzyme activity. Cytotoxicity of ethanol
in rat hepatocytes was prevented either by alcohol/aldehyde
dehydrogenase inhibitors or by CYP2E1 inhibitors.
Cederbaum observed that ethanol-induced ROI formation
was also reduced in the presence of CYP2E1 inhibitors in
HepG2 cells, suggesting that CYP2E1 directly contributes
to ROI formation[24]. Leclercq et al[25], using the knockout
mice observed that other CYPs, notably CYP4A10 and
CYP4A14, were upregulated in the CYP2E1 knockout but
not the wild-type mice; these CYPs were, like CYP2E1,
active generators of reactive oxygen and catalysts of lipid
peroxidation, and in the absence of  CYP2E1 served as
alternative initiators of  oxidative stress. Furthermore, French
and collaborators found that the ethanol-induced oxidative
inactivation of the proteasome and increase in oxidized
proteins were completely prevented in these CYP2E1
knockout mice[26]. Our experiments showed that DAS, the
inhibitor of CYP2E1, could partly protect human
hepatocytes from ethanol-induced cellular injury, or reduce
cellular MDA, LDH and AST levels. However, in contrast
to these observations, studies by Thurman and colleagues
have suggested that CYP2E1 may not play a role in
alcoholic liver injury based upon studies in CYP2E1
knockout mice[1,27,28]. In some cells, ethanol-induced damage
may not be the consequence of oxidative reactions, but
may result directly from the direct interaction of ethanol
with cell membranes or from its non-oxidative incorporation
into fatty acid ethyl esters[29,30]. Clearly, further studies are
necessary to resolve the above discrepancies.

In summary, this study revealed that an innocuous
concentration of  DAS significantly decreased the ethanol-
induced oxidative damage in human primary cultured
hepatocytes. This protection appeared to be, at least in part,
due to the attenuation of oxidative stress. These findings
warrant future in vivo studies of  DAS for the prevention
and/or treatment of alcoholic liver disease. The inhibition
of CYP2E1 in cells or organs could lead to new strategies

for better prevention and treatment of ethanol-induced
oxidative damage in human liver.
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