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Abstract: Ethanol-Induced Oxidative DNA Damage
and CYP2E1 Expression in Liver Tissue of Aldh2
Knockout Mice: Yong-Dae KIM, et al. Department of
Preventive Medicine and Medical Research
Institute, College of Medicine, Chungbuk National
University, Republic of Korea—Excessive alcohol
consumption is associated with increased risks of many
diseases including cancer. We evaluated oxidative
DNA damage in Aldh2 +/+ and Aldh2 –/– mice after
they had been subjected to acute ethanol exposure.
Olive tail moment, which was measured using a comet
assay, was not increased by ethanol treatment in both
Aldh2 +/+ and Aldh2 –/– mice. However, after
controlling for the effect of ethanol exposure, the Aldh2
genotype was a significant determinant for Olive tail
moments. Although the ethanol treatment significantly
increased the hepatic 8-OHdG generation in only Aldh2
+/+ mice, the level of 8-OHdG was the highest in Aldh2
–/– ethanol treated mice. The increase in the level of
8-OHdG was associated with hepatic expression of
cytochrome P450 2E1 (CYP2E1). The levels of Olive
tail moment and the hepatic 8-OHdG in the Aldh2 –/–
control group were significantly higher than those of
the Aldh2 +/+ control group. The level of CYP2E1 in
liver tissue showed a similar pattern to those of the
oxidative DNA damage markers. This study shows that
acute ethanol consumption increases oxidative DNA
damage and that expression of CYP2E1 protein may
play a pivotal role in the induction of oxidative DNA
damage. The finding that oxidative DNA damage was
more intense in Aldh2 –/– mice than in Aldh2 +/+ mice
suggests that ALDH2-deficient individuals may be more
susceptible than wild-type ALDH2 individuals to
ethanol-mediated liver disease, including cancer.
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Excessive alcohol consumption is associated with
increased risks of many diseases including cancer1, 2). There
is evidence that the metabolism of ethanol gives rise to the
generation of excess amounts of free radicals3–5). Acute
ingestion of ethanol has been related to the formation of
ROS6, 7). Although many pathways have been suggested
to explain how ethanol induces oxidative stress, the exact
mechanisms are still unknown.
Ingested ethanol is oxidized by cytosolic class I alcohol
dehydrogenase (ADH) to acetaldehyde, which is
subsequently oxidized by mitochondrial aldehyde
dehydrogenase 2 (ALDH2) to produce acetate8). After
ethanol consumption, the activity of the microsomal
ethanol-oxidizing system (MEOS) is increased, with an
associated increase in cytochrome P450 activity,
especially that of cytochrome P450 2E1 (CYP2E1)9, 10).
However, because the main enzyme for acetaldehyde
metabolism is ALDH211), there is a possibility that the
activity of the MEOS may differ according to the activity
of ALDH2.
About 50% of Asians, including Koreans, lack
ALDH2 activity because of a point mutation in the
ALDH2 gene12, 13). Individuals who regularly consume
excessive quantities of alcohol have a greater risk of
developing head and neck cancers such as esophageal,
pharyngeal and oral cavity cancers if they are ALDH2
deficient than if they express wild-type ALDH214–16). This
suggests that oxidative stress and genetic damage caused
by ethanol exposure may be more severe in ALDH2deficient individuals than in those who express wild-type
ALDH2, and that the level of CYP2E1 expression may
be the cause of the difference between the genotypes in
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ethanol-induced toxicity.
In this study, we used Aldh2 knockout mice as a model
of ALDH2-deficient humans to elucidate the effects of
the ALDH2 polymorphism on ethanol-induced oxidative
stress. We evaluated the level of Olive tail moment, the
concentration of 8-hydroxydeoxyguanosine (8-OHdG) in
liver tissue and the expression of the CYP2E1 enzyme in
liver microsomes in Aldh2 +/+ and Aldh2 –/– mice after
they had been subjected to acute ethanol exposure by
gavage.

Materials and Methods
Animals
Aldh2 –/– mice were generated as described
previously17). Male mice with Aldh2 +/+ and Aldh2 –/–
(C57BL/6J strains), 12-weeks-old, were used. The mice
were housed individually in plastic mouse cages and had
free access to standard rodent chow and water throughout
the experiments. The colony room was maintained at
23~25°C under a 12 h light (07:00~19:00)–12 h dark
(19:00~07:00) cycle. All procedures were performed
according to the criteria outlined in the Guide for the
Care and Use of Laboratory Animals prepared by the
National Academy of Sciences and published by the
National Institutes of Health.
ALDH2 genotyping and ethanol treatment
Genomic DNA extracted from the tip of the tail was
tested for the presence of mutated and/or wild-type
Aldh2 alleles by PCR amplification as described
previously18). Seven mice in each group received 40%
ethanol (2 g/kg/d) in saline solution (0.5 ml/kg/d) by
gavage for seven days. Control mice received saline
only.
Comet analysis
The alkaline comet assay was used to measure DNA
damage according to the method of a previous study19)
with slight modifications. Glass microscope slides with
frosted ends were first coated with 1.0% (w/v) agarose
and allowed to dry. Blood samples from mice were
suspended in 0.5% low-melting-point agarose, and the
resulting suspensions were applied to the slides using
coverslips. The coverslips were removed after the agarose
had hardened. Slides were then treated in the dark at
4°C with lysis buffer (1% Triton X-100, 10% DMSO,
89% stock lysing solution [2.8 M NaCl, 0.1 M Na2EDTA,
0.01 M Trizma Base]) for 1 h and were subsequently
rinsed in 0.4 M Tris, pH 7.5. Slides were then placed in
the electrophoresis unit and covered with a fresh solution
containing 300 mM NaOH and 1 mM EDTA, final pH
>13.0, for 60 min. The slides were electrophoresed with
a current of 300 mA for 20 min. Each slide was stained
with ethidium bromide (2 µg/ml) for 5 min. Images were
made of 50 cells per slide, and Olive tail moment [(Tail-
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mean–Head-mean)*Tail%DNA/100] was determined
using Komet 4.0 Image Analysis and Data Capture
software (Kinetic Imaging, Merseyside, England). An
A549 lung epithelial cell line was used to compensate
for variation between runs.
DNA isolation and measurement of 8-OHdG levels in liver
tissue
The level of 8-OHdG in liver DNA extracted from
Aldh2 +/+ and Aldh2 –/– mice after ethanol exposure for
seven days was measured using an 8-OHdG ELISA kit
(Jaica, Shizuoka, Japan). Briefly, DNA was extracted
from liver tissue using the DNA Extractor WB kit (Wako,
Osaka, Japan), digested with P1 nuclease (Sigma, St.
Louis, MO), treated with alkaline phosphatase (Sigma)
at 37°C for 1 h, and centrifuged. The ELISA was
performed according to the manufacturer’s instructions.
Immunoblotting
The relative level of CYP2E1 protein in liver tissue of
the mice was measured using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and
western blotting 9). Liver microsome proteins were
prepared by differential ultracentrifugation and stored at
–70°C, before immunoblotting. Protein content was
determined using the Bio-Rad Protein Assay Kit
(Hercules, CA, USA) according to the manufacturer’s
instructions. Ten micrograms of liver microsomal
proteins were separated using SDS-PAGE (10%
polyacrylamide) and transferred onto Polyvinylidene
fluoride (PVDF) membranes (Amersham,
Buckinghamshire, UK) using a semi-dry system (BioRad, Hercules, CA). Blots were immunolabeled with
rabbit anti-human/rat CYP2E1 polyclonal antibody
(Chemicon, Temecula, CA) which has been demonstrated
to react with mice CYP2E1. Bound antibodies were
detected by using horseradish peroxidase conjugated goat
anti-rabbit IgG (Labfrontier, Suwon, Korea) and an
enhanced chemiluminescence detection system
(Amersham) according to the manufacturer’s instructions.
GAPDH was used as an internal standard to correct
CYP2E1 band densities for differences in protein
concentration. The densities of bands were quantified
by using a photodensitometer (Roche Diagnostics, Basel,
Switzerland).
Statistical analysis
Statistical analyses were performed using SPSS for
Windows (Version 10.0). Differences between the means
of two groups were tested by the Wilcoxon rank sum
test. Pearson correlation coefficients were calculated
among the level of the Olive tail moments, 8-OHdG in
liver tissue, and CYP2E1 expression. Finally, we
performed 2-way ANOVA test to evaluate the effects of
the Aldh2 genotype and ethanol exposure on the Olive
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Fig. 1. Olive tail moment (mean ± S.D. of seven mice) of leukocytes (A), 8-hydroxydeoxyguanosine in liver tissue (B)
and relative expressions of hepatic CYP2E1 (C and D) of mice treated with saline or 2 g/kg/d ethanol for 7 d.
Protein (10 µg) samples from seven different livers for each treatment group were individually analyzed for
CYP2E1 protein content by western blotting using an immunoreactive human/rat CYP2E1 polyclonal antibody
(D). The mean CYP2E1 protein level of Aldh2 +/+ control mice was assigned an index of 1 (C). Significant
differences are indicated by *p<0.05 and **p<0.01.

tail moments, the level of 8-OHdG in liver tissue, and
CYP2E1 protein expression level.

Results
Figure 1A shows that Olive tail moment, an index of
DNA damage, was not increased by ethanol treatment in
both Aldh2 +/+ and Aldh2 –/– mice. However, the level
of Olive tail moment was the highest in the ethanol treated
Aldh2 –/– group (1.37 ± 0.19). On the other hand, the
level of Olive tail moment in the Aldh2 –/– control group
was significantly higher than that of the Aldh2 +/+ control
group (1.29 ± 0.07 vs. 0.92 ± 0.03, p<0.05). We evaluated
8-OHdG levels in liver tissue DNA isolated from Aldh2
+/+ and Aldh2 –/– mice after they had been subjected to
acute ethanol treatment. The ethanol treatment
significantly increased 8-OHdG generation in only Aldh2
+/+ mice (20.29 ± 1.46 vs. 22.92 ± 1.66 ng/mg DNA,
p<0.05) (Fig. 1B). However, the level of 8-OHdG was
the highest in ethanol treated Aldh2 –/– mice (30.25 ±
3.35 ng/mg DNA, Fig. 1B) and the level of 8-OHdG in
Aldh2 –/– control group was significantly higher than

that of the Aldh2 +/+ control group (29.34 ± 0.95 vs.
20.29 ± 1.46, p<0.01, Fig. 1B).
Figures 1C and D show the relative expression levels
of CYP2E1 protein in Aldh2 +/+ and Aldh2 –/– mice
treated with ethanol. The expression levels of hepatic
CYP2E1 protein were respectively 4.53 and 3.88 times
those of mice that were not exposed to ethanol (p<0.01).
The Aldh2 –/– control mice were shown to have higher
CYP2E1 protein expression level by a factor of 4.50
compared with the Aldh2 +/+ control group (p<0.01).
Figure 2 shows relationships between the Olive tail
moments, 8-OHdG in liver tissue, and CYP2E1
expression. The level of 8-OHdG in liver tissue was
significantly correlated with the expression of CYP2E1
protein (R=0.65, p<0.001; Fig. 2A). The Olive tail
moments of leukocytes showed significant correlation
with the level of 8-OHdG in liver tissue (R=0.54, p<0.01,
Fig. 2B), and the Olive tail moments was also
significantly correlated with the CYP2E1 expression
(R=0.29, p<0.05, Fig. 2C).
We performed a 2-way ANOVA test to evaluate the
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effects of the Aldh2 genotype and ethanol exposure on
the Olive tail moments, the level of 8-OHdG in liver
tissue, and CYP2E1 protein expression level (Table 1).
After controlling for the effect of ethanol exposure, the
Aldh2 genotype was shown to a significant determinant
for Olive tail moments (p<0.001). On the other hand,
the 8-OHdG level in liver tissue and CYP2E1 expression
levels were affected not only by Aldh2 genotype, but also
by ethanol exposure.

Discussion

Fig. 2. The relationships between the relative expressions of
CYP2E1 and level of 8-OHdG in liver tissue (A), the
level of 8-OHdG in liver tissue and Olive tail moment
(B) and the relative expressions of CYP2E1 and Olive
tail moment in leukocyte (C). R=correlation
coefficient.
; Aldh2 +/+ control, ; Aldh2 +/+
ethanol, ; Aldh2 –/– control, ; Aldh2 –/– ethanol
exposed group.

It is known that alcohol-induced liver damage is caused
by oxidative stress and that ethanol-induced oxidative
stress can be inhibited by antioxidants20). Zhang et al.21)
recently reported that a 24 h exposure to acetaldehyde
significantly enhanced intracellular ROS generation in
cultured myocytes. On the basis of these facts, we
hypothesized that ALDH2-deficient individuals may be
more susceptible to ethanol-induced oxidative stress than
ALDH2 wild-type individuals because ALDH2-deficient
individuals have higher blood acetaldehyde
concentrations than ALDH2 wild-type individuals11).
The comet assay is considered to be a rapid, sensitive
and relatively simple method for detecting DNA damage
at the level of individual cells22). Olive tail moment, which
is a kind of main parameter of the comet assay and is
defined as the product of the distance between the head
and CG of DNA in the tail and the%DNA in the tail, is
known to be the most informative feature of the comet
image23). We used a comet assay to evaluate DNA damage
in lymphocytes taken from Aldh2 +/+ and Aldh2 –/– mice
after acute ethanol treatment. Olive tail moment was not
increased by ethanol treatment in both Aldh2 +/+ and
Aldh2 –/– mice. However, the level of Olive tail moment
in the Aldh2 –/– control group was significantly higher
than that of the Aldh2 +/+ control group. This may be a
reason why the increase of Olive tail moment in Aldh2 –/–
mice by ethanol was not statistically significant in spite of
the level of Olive tail moment being highest in the ethanol
treated Aldh2 –/– group.
8-OHdG, an oxidized nucleoside of DNA that induces
GC-to-TC transversions, is a major product of oxidative
DNA damage. Chronic ethanol treatment increases the
level of 8-OHdG in rat liver DNA24). In this study, we

Table 1. Analysis of variance (2-way ANOVA) of the effects of the Aldh2 genotype and ethanol
exposure on the Olive tail moment, 8-OHdG in liver tissue, and CYP2E1 expression
Variables

Olive tail moment

8-OHdG in liver tissue

CYP2E1 expression

Aldh2 genotype

F=16.680
p<0.001

F=109.693
p<0.001

F=9.281
p<0.01

Ethanol exposure

F=1.444
N.S

F=5.111
p<0.05

F=4.275
p<0.05
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evaluated 8-OHdG levels in liver tissue DNA isolated
from Aldh2 +/+ and Aldh2 –/– mice after they had been
subjected to acute ethanol treatment. Although the ethanol
treatment significantly increased 8-OHdG generation in
only Aldh2 +/+ mice, the level of 8-OHdG was the highest
in Aldh2 –/– ethanol treated mice and the level of 8-OHdG
in the Aldh2 –/– control group was significantly higher
than that of the Aldh2 +/+ control group. In addition,
there was a significant difference in the mean level of
the 8-OHdG according to the Aldh2 genotype and ethanol
exposure (Table 1). These results suggest that Aldh2 –/–
mice may be more susceptible than Aldh2 +/+ mice to
ethanol induced oxidative DNA damage. The tail moment
in alkaline single-cell gel electrophoresis reflects base
modifications25) as well as DNA strand breaks, because
the oxidized purine (8-OHdG and others) and pyrimidine
bases can be converted into additional DNA single-strand
breaks26). Higher content of 8-OHdG in cells is expected
to lead to a higher formation of DNA strand breaks,
although the steady-state level of damage can be
modulated by DNA repair27). In the present study, the
Olive tail moments of leukocytes showed significant
correlation with the level of 8-OHdG in liver tissue (Fig.
2B). This suggests the possibility that the generation of
8-OHdG by ethanol treatment in mice may accelerate
the DNA single-strand breaks, although this hypothesis
has to be proven by further investigations.
CYP2E1, a cytochrome P450 enzyme that is induced
by ethanol and acetaldehyde, displays high NADPH
oxidase activity and generates ROS28). The increase in
ROS production and lipid peroxidation in microsomes
from chronic ethanol-treated rats was blocked by
chemical inhibitors of CYP2E1 and by anti-CYP2E1
immunoglobulin G2, 28). CYP2E1 can generate ROS even
in the absence of substrate29). Therefore, we evaluated
CYP2E1 protein expression levels in liver tissues of mice.
Expression levels of CYP2E1 protein in Aldh2 +/+ and
Aldh2 –/– mice treated with ethanol were respectively
4.53 and 3.88 times greater that those of the mice that
were not exposed to ethanol (Fig. 1C).
The expression of CYP2E1 protein correlated with the
level of 8-OHdG in liver tissue and Olive tail moments
(Fig. 2A, C). In addition, the Aldh2 genotype and the
ethanol exposure significantly affected the CYP2E1
expression level in liver tissue (Table 1). These results
suggest that the CYP2E1 proteins play pivotal roles in
the induction of ethanol-induced oxidative DNA damage.
In this study, we measured Olive tail moment in
leukocytes, and 8-OHdG and CYP2E1 in hepatocytes.
This difference in the cell type on which comet assay,
and measurements of 8-OHdG and CYP2E1 expression
level were preformed might affect the associations
between those markers. However, considering the fact
that ingested ethanol and their metabolites can circulate
in blood and damage leukocytes as well as hepatocytes,
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it is not meaningless to evaluate relationships between
these markers even though they were measured in
different cell types.
It is interesting that the Aldh2 –/– mice had greater
oxidative DNA damage than the Aldh2 +/+ mice when
not exposed to ethanol treatment. Olive tail moment of
the Aldh2 –/– control group was significantly higher than
that of the Aldh2 +/+ control group (p<0.01, Fig. 1A).
The levels of 8-OHdG in liver tissue of the Aldh2 –/–
control group were also significantly higher than those
of the Aldh2 +/+ control group (p<0.01, Fig. 1B).
Furthermore, CYP2E1 protein expression in liver tissue
of the Aldh2 –/– control group was significantly higher
than that of the Aldh2 +/+ control group (p<0.01, Fig.
1C). These results are consistent with those of our
preliminary study which showed that Aldh2 –/– mice have
higher CYP2E1 and 2B1/2 protein expression levels than
Aldh2 +/+ mice in the absence of any chemical treatment
(4.19 and 2.89 times, respectively)9). It is known that
ethanol is produced in mammalian tissues
endogenously30), and that CYP2E1 metabolizes a wide
variety of endogenous substrates other than ethanol31).
Therefore, there is a possibility that greater expression
of CYP2E1 enzyme was induced by endogenous ethanol
in Aldh2 –/– mice to compensate for the absence of the
ALDH2 enzyme.
In this study, ethanol exposure tended to increase
the levels of Olive tail moment and 8-OHdG in both
Aldh2 +/+ and Aldh2 –/– mice compared to their
respective controls. Aldh2 –/– mice, nevertheless,
showed lack of significance in the increase of Olive
tail moment and 8-OHdG, because the level of those
markers in the Aldh2 –/– control group were
significantly higher than those of the Aldh2 +/+ control
group. Therefore, we adopted a 2-way ANOVA analysis
in order to evaluate the effect of ethanol exposure on the
level of those markers after controlling for the ALDH2
genotype. The result showed that 8-OHdG level was
significantly affected by ethanol exposure. This fact
suggests that acute ethanol consumption increases
oxidative DNA stress. However, we cannot exclude the
possibility that various antioxidant systems, such as SOD,
catalase and glutathione peroxidase, may also affect the
induction of oxidative stress by ethanol exposure.
In conclusion, this study has shown that acute ethanol
consumption increases oxidative DNA damage and that
expression of the CYP2E1 protein plays a pivotal role in
the induction of oxidative DNA damage. That oxidative
DNA damage was more intense in Aldh2 –/– mice than
in Aldh2 +/+ mice suggests that ALDH2-deficient
individuals may be more susceptible than wild-type
ALDH2 individuals to ethanol-mediated liver diseases,
including cancer.
Acknowledgments: This study was supported by Korea-

368

J Occup Health, Vol. 49, 2007

Japan Joint Research Project under the KOSEF-JSPS
Cooperative Program (F01-2003-000-20031-0).

References
1) Blum HE: Hepatocellular carcinoma: susceptibility
markers. IARC Sci Publ 154, 241–244 (2001)
2) Dey A and Cederbaum AI: Alcohol and oxidative liver
injury. Hepatology 43, 63S–74S (2006)
3) Nordmann R, Ribiere C and Rouach H: Implication of
free radical mechanisms in ethanol-induced cellular
injury. Free Radic Biol Med 12, 219–240 (1992)
4) Bondy SC: Ethanol toxicity and oxidative stress.
Toxicol Lett 63, 231–241 (1992)
5) Ishii H, Kurose I and Kato S: Pathogenesis of alcoholic
liver disease with particular emphasis on oxidative
stress. J Gastroenterol Hepatol 12, 272S–282S (1997)
6) Reinke LA, Kotake Y, McCay PB and Janzen EG: Spintrapping studies of hepatic free radicals formed
following the acute administration of ethanol to rats:
in vivo detection of 1-hydroxyethyl radicals with PBN.
Free Radic Biol Med 11, 31–39 (1991)
7) Bondy SC and Orozco J: Effects of ethanol treatment
upon sources of reactive oxygen species in brain and
liver. Alcohol Alcohol 29, 375–383 (1994)
8) Agarwal DP and Goedde HW: Pharmacogenetics of
alcohol metabolism and alcoholism. Pharmacogenetics
2, 48–62 (1992)
9) Kim YD, Oyama T, Isse T, Kim H and Kawamoto T:
Expression levels of hepatic cytochrome P450 enzymes
in Aldh2-deficient mice following ethanol exposure: a
pilot study. Arch Toxicol 79, 192–195 (2005)
10) Lieber CS: Microsomal ethanoloxidizing system
(MEOS): the first 30 years (1968–1998) a review.
Alcohol Clin Exp Res 23, 991–1007 (1999)
11) Isse T, Matsuno K, Oyama T, Kitagawa K and
Kawamoto T: Aldehyde dehydrogenase 2 gene
targeting mouse lacking enzyme activity shows high
acetaldehyde level in blood, brain, and liver after
ethanol gavages. Alcohol Clin Exp Res 29, 1959–1964
(2005)
12) Kee JY, Kim MO, You IY, Chai JY, Hong ES and An
SC: Effects of genetic polymorphisms of ethanolmetabolizing enzymes on alcohol drinking behaviors.
Taehan Kan Hakhoe Chi 9, 89–97 (2003)
13) Oyama T, Isse T, Kagawa N, Kinaga T, Kim YD and
M o r i t a M : Ti s s u e - d i s t r i b u t i o n o f a l d e h y d e
dehydrogenase 2 and effects of the ALDH2 genedisruption on the expression of enzymes involved in
alcohol metabolism. Front Biosci 10, 951–960 (2005)
14) Boonyaphiphat P, Thonsuksai P, Sriplung H and
Puttawibul P: Lifestyle habits and genetic susceptibility
and the risk of esophageal cancer in the Thai
population. Cancer Lett 186, 193–199 (2002)
15) Yokoyama A, Watanabe H, Fukuda H, Haneda T, Kato
H and Yokoyama T: Multiple cancers associated with
esophageal and oropharyngolaryngeal squamous cell
carcinoma and the aldehyde dehydrogenase-2 genotype
in male Japanese drinkers. Cancer Epidemiol
Biomarkers Prev 11, 895–900 (2002)
16) Vakevainen S, Tillonen J, Agarwal DP, Srivastava N

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

and Salaspuro M: High salivary acetaldehyde after a
moderate dose of alcohol in ALDH2-deficient subjects:
strong evidence for the local carcinogenic action of
acetaldehyde. Alcohol Clin Exp Res 24, 873–877
(2000)
Kitagawa K, Kawamoto T, Kunugita N, Tsukiyama T,
Okamoto K and Yoshida A: Aldehyde dehydrogenase
(ALDH) 2 associates with oxidation of
methoxyacetaldehyde; in vitro analysis with liver
subcellular fraction derived from human and Aldh2
gene targeting mouse. FEBS Lett 476, 306–311 (2000)
Isse T, Oyama T, Kitagawa K, Matsuno K, Matsumoto
A and Yoshida A: Diminished alcohol preference in
transgenic mice lacking aldehyde dehydrogenase
activity. Pharmacogenetics 12, 621–626 (2002)
Malyapa RS, Bi C, Ahern EW and Roti JL: Detection
of DNA damage by the alkaline comet assay after
exposure to low-dose gamma radiation. Radiat Res 149,
396–400 (1998)
Arteel GE: Oxidants and antioxidants in alcoholinduced liver disease. Gastroenterology 124, 778–790
(2003)
Zhang X, Li SY, Brown RA and Ren J: Ethanol and
acetaldehyde in alcoholic cardiomyopathy: from bad
to ugly en route to oxidative stress. Alcohol 32, 175–
186 (2004)
Singh NP, McCoy MT, Tice RR and Schneider EL: A
simple technique for the quantitation of low levels of
DNA damage in individual cells. Exp Cell Res 175,
184–191 (1988)
Kumaravel TS and Jha AN: Reliable Comet assay
measurements for detecting DNA damage induced by
ionising radiation and chemicals. Mutat Res 605, 7–
16 (2006)
Cahill A, Stabley GJ, Wang X and Hoek JB: Chronic
ethanol consumption causes alterations in the structural
integrity of mitochondrial DNA in aged rats.
Hepatology 30, 881–888 (1999)
Collins AR, Dusinska M, Gedik CM and Stetina R:
Oxidative damage to DNA: do we have a reliable
biomarker? Environ Health Perspect 104, 465–469
(1996)
Boiteux S: Properties and biological functions of the
NTH and FPG proteins of Escherichia coli: two DNA
glycosylases that repair oxidative damage in DNA. J
Photochem Photobiol B: Biol 19, 87–96 (1993)
Marczynski B, Rihs HP, Rossbach B, Holzer J, Angerer
J, Scherenberg M, Hoffmann G, Bruning T and
Wilhelm M: Analysis of 8-oxo-7,8-dihydro-2’deoxyguanosine and DNA strand breaks in white blood
cells of occupationally exposed workers: comparison
with ambient monitoring, urinary metabolites and
enzyme polymorphisms. Carcinogenesis 23, 273–281
(2002)
Ekstrom G and Ingelman-Sundberg M: Rat liver
microsomal NADPH-supported oxidase activity and
lipid peroxidation dependent on ethanol-inducible
cytochrome P-450 (P-450IIE1). Biochem Pharmacol
38, 1313–1319 (1989)
Gonzalez FJ: Role of cytochromes P450 in chemical

Yong-Dae KIM, et al.: Oxidative DNA Damage in Aldh2 Knockout Mice

toxicity and oxidative stress: studies with CYP2E1.
Mutat Res 569, 101–110 (2005)
30) M c M a n u s R , C o n t a g A O a n d O l s o n R E :
Characterization of endogenous ethanol in the mammal.
Science 131, 102–103 (1960)

369

31) Banerjee A, Kocarek TA and Novak RF: Identification
of a ubiquitination-Target/Substrate-interaction domain
of cytochrome P-450 (CYP) 2E1. Drug Metab Dispos
28, 118–124 (2000)

