
[CANCERRESEARCH57, 1241â€”1243,April 1, 1997]

Advances in Brief

Elevated Levels of Hemoglobin-associated Acetaldehyde Related to Alcohol
Drinking in the Atypical Genotype of Low Km Aldehyde Dehydrogenase'

Tatsuya Takeshita, Toshio Kawai, and Kanehisa Morimoto2

Department of Hygiene and Preventive Medicine, Osaka University School of Medicine, 2-2 Yamada-oka, Suita, Osaka 565, Japan (T. T., K. MI. and Osaka Occupational Health
Service Center, 2-3-8 Tosabori, Nishi-ku, Osaka-shi, Osaka 550, Japan IT. K.]

Abstract

Acetaldehyde is suspected to be the Ultimate carcinogen in alcohol
related carcinogenesis. The atypical genotypes of low Kmaldehyde dehy
drogenase (ALDH2) have higher blood concentrations of free acetalde
hyde after drinking alcohoL We measured levels of acetaldehyde
reversibly bound to hemoglobin (HbAA) after drinldng 0.4 mI/kg ethanol
using fluorigenic high performance liquid chromatography method in
volunteers with the two major ALDH2 genotypes. In the ALDH2*1t@1
genotype with high ALDH2 activity, the increase of HbAA was small. By
contrast, in the AJJ)H2*1/l2 genotype with low ALDH2 activity, HbAA
increased considerably at 1â€”6h after the drink, and the elevated levels
persisted up to 48 h. We also measured HbAA In 81 male workers.
AlthoughHbAA levels were significantlycorrelatedwith alcohol con
sumption levels in both of the ALDH2 genotypes, the slope was signifi
cantly steeper in the ALDH2*1/@2 genotype than in the AWH2*1f@1
genotype. In summary, we demonstrated for the first time a significant
difference In the increase of HbAA levels after drinidag alcohol, depend
lug on the ALDH2 genotype. The HbAA levels are not only a good
blomarkerfor Increasedinternalexposurelevelsto acetaldehydebutmay
also be a predictive biomarker for acetaldehyde-medlated carcinogenesis.

Introduction

Acetaldehyde is suspected to be the ultimate carcinogen in alcohol
related carcinogenesis (1). A recent finding that alcoholics and habit
ual drinkers with the heterozygous genotype of low Km ALDH23
showed a significantly higher risk for esophageal cancer suggests an
important contribution of acetaldehyde in the carcinogenic process
(2). The atypical ALDH2 genotypes occur in about half the population
of Orientals(3, 4), and those with these genotypes have moderately
elevated levels of acetaldehyde after drinking alcohol, which greatly
contributes to alcohol hypersensitivity (3â€”7).The atypical ALDH2
allele (ALDH2*2)has a bp change in exon 12, causing a single amino
acid change (8). Acetaldehyde is very active and exerts a variety of
health effects including cytotoxicity (9), DNA damage (10), and
carcinogenesis in rodents (1 1). Peterson and Polizzi measured HbAA
using fluorigemc HPLC (12) and found a significant difference in
HbAA levels between teetotalers and alcoholics among Caucasians
probably with the typical ALDH2 genotype (AWH2*1fI@1; Ref. 12).
Because the ability to detoxify acetaldehyde is very low in those with
the atypical ALDH2 genotypes (ALDH2*1/@I@2and ALDH2*214@2),
HbAA levels among Orientals may differ depending on the ALDH2
genotypes. In the present studies, we measured HbAA levels in
volunteers with the two majorALDH2 genotypes (ALDH2*1fI@1and
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ALDH2*1/@2) 0@7 days after drinking certain amounts of alcohol. We
also measured HbAA levels in a Japanese occupational population
with the two different ALDH2 genotypes and correlated the levels
with the amounts of alcohol consumed recently.

Materials and Methods

Subjects and Questionnaire. For the first part of the study, eight Oriental
male volunteers participated with informed consent. The subjects with the
ALDH2*1/@1 (n 4) and ALDH2*1/@2 (n = 4) genotypes were ages
25.3 Â±3.9 and 27.0 Â±8.1 years (mean Â±SD), respectively. After cessation
of drinking alcohol for at least 1 week, the subjects drank whisky containing
0.4 mI/kgpureethanol, followed by cessation of drinkingfor anotherweek.
Heparinized blood was drawn immediately before and at 1, 3, 6, 24, 48, 96, and
168 h afterdrinking.

For the second part of the studies, 81 Japanese male workers ages
44.3 Â±7.7 years in one plant participated with informed consent. The panic
ipants completed a questionnaire asking lifestyle questions including drinking
habits and the amount of alcohol consumption during the last 2 days before
drawing blood. The amount of alcohol consumption was calculated based on
the concentration of ethanol contained in the beverages (beer, sake, whisky,
and so on).

Measurement of HbAA. Pretreatment of the blood samples was as de
scribed previously (12). The assay for acetaldehyde was based on a modifi
cation of the procedure reported previously (12). All solvents and reagents
were of HPLCor analyticalgrade.Fourhundredmg of l,3-cyclohexanedione
(Tokyo Kasei, Tokyo, Japan), 10 g of NH4OCOCH3,and 3.2 ml of concen
tratedHC1were mixed in 30 ml of H2O.Equalvolumesof the reagentandthe
hemolyzed sample were placed in a sealed glass tube and reacted for 40 mm
at 70Â°C.The reaction was stopped by placing the sample in an ice bath, and 5
pi of each sample were injected onto an HPLC system (Shimadzu LC-lOA
system)equippedwith a 150-mmC-l8 column[CapcellPak C18 (SO120);
Shiseido, Tokyo, Japan] developed with 80:20 (v/v) H2O/acetonitrile at 0.8
mi/mm. Peaks were detected by measuring fluorescence using a fluorescence
detector (RF-lOA; Shimadzu, Kyoto, Japan) with a 370 nm excitation filter and
a 450 nm emission filter. Peak integrationswere performedwith a C-R7A
integrator(Shimadzu).

Hemoglobinconcentrationwas adjustedto 30 mg/mi beforethe reactionas
determined by measurement of absorbance at 540 nm. Hemoglobin samples
were prepared for injection by centrifuging the reaction mixture at 12,000 X g
for 15 mm at 4Â°C.The aqueous supernatant was injected directly. Results were
expressedas mscromolaracetaldehydeas determinedfromthe standardcurve
(concentration = 8.56 X l0@ X area â€”0. 187)of acetaldehyde concentrations
of 0, 1, 10, and 100 @.LM.Nanomoles acetaldehyde/g protein was calculated by
dividing the acetaldehyde concentration by the hemoglobin concentration.

Determination of the ALDH2 Genotype. The ALDH2 genotype was de
termined by the method described previously (4). Briefly, PCR products were
digested with restriction enzyme Ksp6321and separated on 4% agarose gels.

Statistical Analysis. We used a paired t test in comparisons between
HbAA levels before and after the alcohol challenge. We used either Student's
orWelch's t test forunpairedsamplesin comparisonsof HbAAlevels between
the differentALDH2 genotypes and the differentdrinkinglevels. A simple
linearregressionmodel was utilized to examine correlationsof HbAA levels
with mean amounts of alcohol consumption. A significance of the difference
of the slopes between the two ALDH2 genotypes was tested using general
linear methods procedure. P values of 0.05 or less were considered as statis
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Average alcohol consumption
duringthe last 2daysALDH2*1/@IALDH25lf@20â€”0.05

ml/kg/day'@131.8 Â±5.0 (8)b134.9 Â±3.8(19)NSC0.05
mi/kg/day145.6 Â±4.4 (30)

NSâ€•200.1
Â±18.4 (19)

P < 001dP
< O.0lc
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Fig. I . An example of a chromatogram for HbAA. A peak for acetaldehyde indicates
the concentrationof HbAA, and a peak for formaldehydeindicatesthatof hemoglobin
associated formaldehyde.

tically significant. All statistical analyses were performed using the SAS
version 6.07 program with the MSP Fujitsu computer system in the Data
Processing Center of Kyoto University.

Results

A representativechromatogramof the hemolyzed sample is shown
in Fig. I. A peak of acetaldehyde was sufficiently separated from that
of formaldehyde.

The time-dependentchanges of the HbAA levels afterdrinking0.4
mI/kg ethanol in eight volunteers with the two ALDH2 genotypes are
summarized in Fig. 2. In the ALDH2*1/@@@1genotype, significant

elevations of HbAA (P < 0.05) were found at 1, 24, and 48 h, but
means of the increases compared to the levels before the challenge
wererelativelysmall(+16.0Â±4.1,+11.8 Â±2.1,and +13.7 Â±3.5,
respectively). In contrast, in the ALDH2*1f@@2genotype, large in
creases were observed at 1, 3, and 6 h (+52.3 Â±9.1, +58.3 Â±9.6,
and +50.0 Â±5.5, respectively). The increases at 24 h (+26.6 Â±8.5;
P = 0.053) and at 48 h (+ 18.3 Â±4.8; P < 0.05) were close to the
significant level and significant, respectively.

The concentration of HbAA was measured in 8 1 male workers. Of
81 workers, 38 were judged as ALDH2*1f@l, 38 were judged as
AWH2*1fI@2, and 5 were judged as AWH2*2fI@2 using PCR-RFLP
analysis (4). We further classified the subjects into two categories, i.e.,
0â€”0.05 and 0.05 mi/kg/day by the average amount of alcohol
consumption during the last 2 days divided by body weight. As shown
in Table 1, those with the ALDH2*11@@2genotype that consumed

0.05 ml/kg/day had a significantly higher (P < 0.01) HbAA level
than both those with the ALDH2*1/@@1genotype that consumed 0.05
mi/kg/day and those with the ALDH2*112*2 genotype that consumed
0â€”0.05 ml/kg/day.

As shown in Fig. 3, the HbAA levels were significantly correlated
with the average amount of alcohol consumed during the last 2 days
in both the AWH2*1/I@1 and ALDH2*1/I@2genotypes. The slope (3.1)
forAWH2*1/I@2was significantlysteeper(P < 0.001) thanthat(0.5)
for ALDH2* JfI@I in the general linear models procedure, assuming
that the intercept was constant.

The group of those with the AWH2*2fI@2 genotype that consumed
:0.05 ml/kg/day consisted of only one person, and the HbAA level

was 137.8. Those with the ALDH2*2fl2 genotype that consumed
0â€”0.05mI/kg/day included four persons and had a comparable HbAA

3. 971 level(l3l.4 Â± 5.5) compared to the other genotypes with little alcohol

consumption.

Discussion

The present study revealed for the first time a significant elevation
of HbAA levels after drinking certain amounts of ethanol among those
with the ALDH2*1f@2 genotype.

The HbAA levels increasedvery rapidlyafterthe challenge, in the
same manner as the serial changes of free acetaldehyde (7, 13).
However, the free acetaldehydedecreasedgreatlyat 3 h afterdrinking
0.4 g/kg ethanol (13) and returned to a level close to the baseline level
(13) at 4 h. Because HbAA levels at 6 h were still high in the current
study, the elevated HbAA levels seem to persist longer than those of
the free acetaldehyde. Furthermore,the elevated HbAA levels per
sisted up to 48 h after drinking, suggesting the possibility of biomoni
toring recent alcohol drinking by HbAA level. In the second part of

the studies, we actually found a sharp correlation of HbAA levels with
the amount of recent alcohol consumption. The relatively longer
persistence of the increased HbAA levels suggests a possibility of
accumulation of HbAA in those with the AWH2*1/@I@2genotype when
they drink habitually. High HbAA levels (>300 ni@i/g)observed in a
few subjects with the ALDH2*l/@(@2genotype may be a combined
effect of recent drinking and accumulation of HbAA by habitual
drinking. Studies are underway to examine the extent of the accumu
lation of HbAA with repeated alcohol drinking in volunteers. Persist
ence of HbAA may also be influenced by blood levels of reducing
agents such as ascorbate because Schiff base adducts, a most likely
candidate for HbAA, are easily converted to covalent-binding adducts
in the presence of these agents (14). Additional studies are required to
clarify the effects of such agents on HbAA levels.

In the ALDH2*I/@@Igenotype, the HbAA levels increased signifi
cantly at 1, 24, and 48 h, but the extent of the increase was much

Table I Mean HbAAlevels in the differentALDH2genotypesand the differentlevels
of akohol consumption

aCalculatedas averagevolume(in milliliters)of pureethanolconsumedperday
divided by body weight.

b Mean Â± SE. The number in parentheses indicates the number of persons in each

group.
C Tested among the different ALDH2 genotypes.

d Tested among the groups of different alcohol consumption levels.
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group who drink habitually have a significantly higher frequency of
sister chromatid exchange (18) and significantly elevated 8-hy
droxydeoxyguanosine levels (19) compared with other groups. It may
be that the cell nuclei of habitual drinkers with the ALDH2*1f'@2
genotype are continuously attacked by acetaldehyde released from
reservoir proteins and are susceptible to DNA damage induced by the
acetaldehyde.

Mechanisms for alcohol-related carcinogenesis may be complicated;
however, acetaldehyde is likely to be involved in some pathways includ
ing DNA damage, depletion of glutathione, and inactivation of O6@
methylguanine transferase (20). Utilization of HbAA as a biomarker in
epidemiological studies would be of use to clarify the significance of
acetaldehyde in alcohol-related carcinogenesis in the human.

In summary, we demonstrated for the first time a significant difference
â€”, in the increase of HbAA levels after drinking alcohol, depending on the

2.4 ALDH2 genotype. The elevated HbAA levels were not temporary but

lasted up to 48 h afterdrinkingalcohol in the ALDH2*1/@2genotype. The
HbAA levels are not only a good biomarker for increased internal
exposure levels to acetaldehyde but may also be a predictive biomarker
for acetaldehyde-mediated carcinogenesis.
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Fig. 3. Correlations of the levels of HbAA with average amounts of alcohol consump
tion perbody weight (mi/kg/day)duringthe last 2 days in theALDH251f@2(n = 38) and
ALDH2*1/@1 (n 38) genotypes. Regression lines and equations were generated using
the methods of least squares. r, correlation coefficient.

smallerthanthat in theAWH2*1fI@2genotype.The smallelevationof
HbAA is consistent with the previous study (15). Peterson and Polizzi
observed significantly elevated HbAA levels among alcoholics but
not among social drinkers (12). In the present study, we found a weak
but significant correlation between the amount of alcohol consump
tion and the HbAA levels in the occupational population with the
ALDH2*1t@@1genotype. Additional extensive studies are required to
confirm whether HbAA levels are correlated with alcohol consump
tion even in social drinkers with the ALDH2*1f@1genotype.

Acetaldehyde is volatile and reacts easily with cellular components
such as DNA and proteins. Acetaldehyde induces cytotoxicity (9),
DNA damage (10), and carcinogenesis in rodents (11). Alcoholics and
habitual drinkers with the AWH2*1/@@2genotype showed a signifi
cantly high risk for esophageal cancer, suggesting an important con
tribution of acetaldehyde in the carcinogenic process (2). Nonetheless,
ALDH2 is not expressed in esophageal tissue (16). One possibility is
that in this genotype, acetaldehyde not sufficiently inactivated in the
liver may overflow from the liver and be efficiently transported to
target organs such as the esophagus by reversibly binding to blood
proteins, such as in the form of HbAA (17).

We have recently reported that the members of the ALDH2*1/@@2
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