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Purpose Excessive alcohol consumption has been linked to an increased risk of colorectal cancer (CRC). We evaluated the associa-
tion between alcohol-related genetic variants and CRC risk.

Materials and Methods The study cohort consisted of 5,435 CRC cases and 3,553 population-based cancer-free controls. Genotype
data were generated from germline DNA using the Infinium OncoArray-500K BeadChip in 2,535 cases and 2,287 controls and the
Infinium Multi-Ethnic Global BeadChip in 2,900 cases and 1,266 controls. The associations between aldehyde dehydrogenase 2
(ALDH2) rs671 and alcohol dehydrogenase 1B (ADH1B) rs1229984 polymorphisms and CRC risk were assessed using multivariate
logistic regression analyses.

Results Compared with the major homozygous ALDH2 genotype (GG), heterozygous or minor homozygous ALDHZ2 genotype (GA or
AA, related to a low alcohol consumption) was significantly associated with a reduced risk for CRC in men (odds ratio [OR], 0.78; 95%
confidence interval [Cl], 0.68 to 0.90), but not in women (OR, 0.70; 95% Cl, 0.47 to 1.05). A stronger association was found among
regular drinkers (OR, 0.58; 95% Cl, 0.47 to 0.71 in men and OR, 0.33; 95% Cl, 0.18 to 0.58 in women). No association of CRC risk
with ADH1B rs1229984 genotype was found. The association between alcohol-related combined genotypes and risk of CRC was
significant (p for linear=0.001). The combined genotype with the highest genetically predicted alcohol consumption (ALDH2 rs671 GG

and ADH1B rs1229984 AG/GG) was associated with a high risk for CRC (OR, 1.35; 95% Cl, 1.11 to 1.63).
Conclusion Our study provides strong evidence for a possible causal association between alcohol consumption and CRC risk.
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Introduction

In South Korea, colorectal cancer (CRC) is the third most
common cancer in men and women and the second leading
cause of cancer-related death in men [1]. CRC is associated
with various lifestyle factors, such as diet, physical inactiv-
ity, smoking, and alcohol consumption. Among these factors,
alcohol consumption is a primary risk factor, with a linear
dose-risk relation [2]. However, the strength of the associa-
tion between light or moderate alcohol consumption remains
controversial [3]. A recent study found no significant asso-
ciation between moderate alcohol intake and CRC risk [4],
while a protective effect of low alcohol consumption against
CRC has been reported [5,6]. These discrepancies may have
resulted from the lack of uniformity in alcohol consumption
measures.

Alcohol dehydrogenase 1B (ADH1B) and aldehyde dehy-
drogenase 2 (ALDH?2) are alcohol metabolism-related gene-
tic variants common among Eastern Asians. They have been

widely used as an indicator of alcohol exposure in investi-
gations of alcohol consumption as a risk factor for vari-
ous diseases, including CRC [7]. Alcohol is metabolized to
acetaldehyde and eventually acetate by ADH and ALDH,
respectively. Among individuals of different ethnicities, dif-
ferent genetic variants in the genes encoding these enzymes
can be found. Certain polymorphisms in ADH1B and ALDH2
are particularly common in East Asians, affecting drinking
behaviors [8-12]. The ADHIB rs1229984 polymorphism,
which is common in East Asians, decreases the activity of
ADHIB. Similarly, another polymorphism common in East
Asians, ALDH2 1s671, decreases the activity of ALDH2.
Differences in the activity of enzymes involved in alcohol
metabolism affect the levels of acetaldehyde accumulated
after alcohol consumption. Notably, the A allele (major allele)
of ADHIB rs1229984 and A allele (minor allele) of ALDH2
rs671 have been associated with acetaldehyde accumulation
after alcohol consumption. Because acetaldehyde is respon-
sible for the unfavorable symptoms associated with alcohol
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between 2004 and 2013 between 2010 and 2012

Oncoarray-500K BeadChip
in 3,158 cases and 2,657 controls
Multi-Ethnic Global BeadChip
in 3,465 cases and 1,443 controls

Excluded (n=1,735)

- Missing in rs1229984 (n=1,401)

- Missing in drinking or smoking history (n=254)

- Missing in anatomical sites or tumor staging (n=156)

Colorectal cancer cases (n=5,435)
and cancer-free controls (n=3,553)

Fig. 1. Selection process of study subjects.

consumption, including nausea, palpitation, and headache,
individuals carrying these alleles tend to avoid alcohol
intake. Consequently, ALDH2 or ADHIB polymorphisms
have been consistently associated with drinking behaviors
[8-12]. A study that evaluated alcohol consumption in South
Koreans according to ALDH2 rs671 polymorphisms showed
that men with GA or AA genotypes consumed less than 12 g
alcohol (approximately one drink) per day, which was con-
siderably less than the amount consumed by men with a GG
genotype [12]. Similarly, Chinese individuals carrying the GA
genotype consumed less than 17 g alcohol per day [8].

Several studies have assessed the association between
polymorphisms in alcohol metabolizing enzymes, including
ALDH? and ADH1B, and the risk for CRC in Eastern Asians
[13-16] and Europeans [17]. However, most have been con-
ducted on small study populations, and heterogeneity among
different studies has been substantial [18,19]. Therefore, we
performed a case-control study in a large Korean cohort to
examine the association between particular alcohol metabo-
lism-related genetic variants and CRC risk.

Materials and Methods

1. Study cohort

Fig. 1 shows the flow chart of this study. This study
cohort consisted of 7,089 hospitalized patients and 4,979
population-based controls from the Hwasun Cancer Epide-
miology Study—Colon and Rectum Cancer (HCES-CRC) [20].
In brief, the hospitalized cases were patients diagnosed with
histologically confirmed CRC at Chonnam National Univer-

sity Hwasun Hospital between 2004 and 2013. Control indi-
viduals were recruited between 2010 and 2012 and did not
develop cancer until 2017. Genome-wide association study
(GWAS) analyses were performed in 6,623 cases and 4,100
controls. Of these, 866 cases and 535 controls were excluded
because of missing information on rs1229984. Hence, our
analyses included data from 5,435 cases and 3,553 controls
without missing information (Fig. 1). CRC was classified
according to the anatomical site as per the International Clas-
sification of Disease 10th edition (ICD-10) as proximal colon
(C18.0-18.4), distal colon (C18.5-18.7), rectum (C19-20), and
others (C18.8-18.9).

2. Genotyping and imputation

Details on genotyping and GWAS quality control were
described previously [21,22]. Briefly, germline DNA geno-
typing was performed using the Infinium OncoArray-500K
BeadChip (Oncoarray, Illumina, San Diego, CA) in 3,158
cases and 2,657 controls, and Infinium Multi-Ethnic Global
BeadChip (MEGA) in 3,465 cases and 1,443 controls. For
genome-wide imputation, we used the 1,000 Genome Pro-
ject Phase 3 East Asian panel as a reference [23]. Imputation
was conducted separately for the two genotyping arrays
using IMPUTE2 ver. 2.3.2 [24]. Rs671 was genotyped, and
the rs1229984 genotype was imputed in both arrays. The
imputation quality of rs1229984 was sufficient for subse-
quent analyses (imputed information score > 0.9) [25].

3. Covariates

Information on smoking history and alcohol consumption
was obtained from the medical records of the case group and
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Table 1. General characteristics of study population according to sex

Men Women
Control Case Control Case
(n=1,465) (n=3,475) (n=2,088) (n=1,960)
Age (yr) 62.8+14.4 62.9+10.7 0.729 64.7+14.7 63.0+12.1 <0.001
Current drinker 944 (64.4) 1,607 (46.2) <0.001 971 (46.5) 229 (11.7) <0.001
Ever-smoker 1,046 (71.4) 1,824 (52.5) <0.001 272 (13.0) 74 (3.8) <0.001
ALDH2 (rs671)
GG 1,015 (69.3) 2,576 (74.1) 0.002 1,541 (73.8) 1,417 (72.3) 0.361
GA 410 (28.0) 827 (23.8) 508 (24.3) 496 (25.3)
AA 40 (2.7) 72 (2.1) 39(1.9) 47 (2.4)
ADHI1B (rs1229984)
AA 872 (59.5) 2,033 (58.5) 0.607 1,235 (59.1) 1,153 (58.8) 0.519
AG 519 (35.4) 1,279 (36.8) 729 (34.9) 705 (36.0)
GG 74 (5.1) 163 (4.7) 124 (5.9) 102 (5.2)
TNM stage
I 924 (26.6) 417 (21.3)
1I 981 (28.2) 520 (26.5)
I 1,144 (32.9) 765 (39.0)
v 426 (12.3) 258 (13.2)
Tumor location
Proximal colon 593 (17.1) 527 (26.9)
Distal colon 943 (27.1) 465 (23.7)
Rectum 1,869 (53.8) 944 (48.2)
Other 70 (2.0) 24 (1.2)

Values are presented as meantstandard deviation or number (%). p-value were calculated by chi-square test or t test. ADH1B, alcohol

dehydrogenase 1B; ALDH2, aldehyde dehydrogenase 2.

interview questionnaires administered to the control group.
Individuals were classified as current drinkers or abstain-
ers for alcohol consumption. In addition, study participants
were classified as current smokers, ex-smokers, or never
smokers in the medical records; we re-classified participants
as ever-smokers (current/ex-smokers) or never smokers.

4. Statistical analyses

The baseline characteristics of the case and control partici-
pants were assessed according to sex. Comparisons in the
baseline characteristics were performed using t tests for con-
tinuous variables and chi-square tests for categorical vari-
ables.

Multivariate logistic regression analyses were performed
to assess the association between ALDH2 rs671/ADHIB
rs1229984 polymorphisms and CRC risk. The genotypes
were recategorized into major homozygotes (GG in ALDH2
rs671 or AA in ADHIB rs1229984) and other genotypes
(heterozygotes and minor homozygotes). All analyses were
age-adjusted. Based on the association between alcohol
consumption and alcohol-related genotypes [8,10-12], we
compared the CRC risk between combined genotypes in
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increasing genetically predicted alcohol consumption order
(ALDH2 rs671 GA/AA and ADH1B rs1229984 AA, ALDH2
rs671 GA/AA and ADH1B rs1229984 AG/GG, ALDH2 rs671
GG and ADHI1B 151229984 AA, and ALDH? rs671 GG and
ADHI1B rs1229984 AG/GG). Wald test was used to evaluate
the interaction. p < 0.05 were considered statistically sig-
nificant. All analyses were performed using R (ver. 3.6.1, R
Foundation for Statistical Computing, Vienna, Austria).

Results

The baseline characteristics of the study participants
according to sex are summarized in Table 1. In both men and
women, current drinkers and ever-smokers were less fre-
quent in the case group. Women in the control group were
significantly older than those in the case group, whereas
the men’s age did not differ significantly between the two
groups. The rectum was the most common tumor site, both
in men (53.8%) and women (48.2%) (Table 1).

The distribution of ALDH2 and ADHIB polymorphisms,
as well as the association between ALDH2/ADHIB geno-
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Table 2. Colorectal cancer risk according to ALDH2 and ADHIB genotypes in men

Colorectal cancer Distal colon cancer Rectal cancer

Proximal colon cancer

No. of No. of OR No. of OR No. of OR No. of OR
controls cases 95% CI) cases (95% CI) cases (95% CI) cases (95% CI)
ALDH2 rs671
GG 1,015 2,576 1.00 (reference) 440 1.00 (reference) 706 1.00 (reference) 1,374 1.00 (reference)
GA 410 872 0.78 (0.68-0.90) 135 0.73 (0.58-0.92) 219 0.74 (0.61-0.90) 460 0.82 (0.70-0.95)
AA 40 72 0.70 (0.47-1.05) 18 1.06 (0.58-1.86) 18 0.63 (0.35-1.09) 35 0.64 (0.40-1.02)
GA/AA? 450 899 0.77 (0.67-0.89) 153 0.76 (0.61-0.95) 237 0.73(0.61-0.88) 495 0.80 (0.69-0.93)
ADH1B rs1229984
AA 872 2,033 1.00 (reference) 340 1.00 (reference) 551 1.00 (reference) 1,098 1.00 (reference)
AG 519 1,279 1.08 (0.95-1.23) 234 1.16(0.94-1.41) 333 1.03(0.86-1.23) 687 1.06(0.92-1.23)
GG 74 163 097(073-131) 19 068(0.39-1.13) 59 132(091-1.89) 84 0.90 (0.65-1.26)
AG/GG? 593 1,442 1.06 (0.94-1.21) 253 1.10(0.90-1.34) 392 1.06 (0.90-1.26) 771 1.04 (0.90-1.20)
ALDH2 rs671 &
ADHI1B rs1229984
ALDH2 GA/AA & 256 531 1.00 (reference) 81 1.00 (reference) 137 1.00 (reference) 302 1.00 (reference)
ADHIB AA
ALDH2 GA/AA & 194 368 0.92(0.73-1.16) 72 1.12(0.77-1.62) 100 0.95 (0.68-1.30) 193 0.84 (0.64-1.09)
ADHIB AG/GG
ALDH2 GG & 616 1,502 1.19 (0.99-1.42) 259 1.32(0.99-1.78) 414 1.27 (1.00-1.63) 796 1.10 (0.90-1.35)
ADHIB AA
ALDH2 GG & 399 1,074 1.35(1.11-1.63) 181 1.47 (1.08-2.01) 292 1.43(1.11-1.86) 578 1.25(1.01-1.55)
ADHIB AG/GG

p for linear trend 0.001

0.009 0.001 0.006

Age and genotyping array were adjusted in all models. ADH1B, alcohol dehydrogenase 1B; ALDH2, aldehyde dehydrogenase 2; CI, con-
fidence interval; OR, odds ratio. YDominant genetic model was used for the analysis.

types and CRC risk, are listed in Tables 2 and 3. Rs671 and
rs1229984 are missense mutations of the ALDH2 gene on
chromosome 12 and ADHIB gene on chromosome 4, res-
pectively. Rs671 A allele was associated with low activity of
ALDH?2, and its frequency was 0.147. Rs1229984 G allele was
associated with high activity of ADH1B, and its frequency
was 0.23. Compared to the most common genotypes, the
risk for CRC was lower in men carrying the minor ALDH?
allele (A allele), but not in women. The odds ratios (ORs) for
ALDH? rs671 GA and AA genotypes were 0.78 (95% con-
fidence interval [CI], 0.68 to 0.90) and 0.70 (95% CI, 0.47 to
1.05) in men, and 1.10 (95% CI, 0.95 to 1.27) and 1.37 (95%
CI, 0.88 to 2.13) in women, respectively. We found no asso-
ciation between the ADHIB 151229984 polymorphism and
CRC risk in men or women. For combined genotype analy-
ses, we used participants with ALDH? rs671 GA/AA and
ADHIB 151229984 AA as a reference, because they had the
lowest genetically predicted alcohol consumption. The risk
for CRC was higher in men with genotypes associated with
high alcohol consumption than in those with low alcohol
consumption-related genotypes (p=0.001). The combined
genotype with the highest genetically predicted alcohol con-

sumption (ALDH?2 rs671 GG and ADH1B rs1229984 AG/ GG)
was associated with a high risk for CRC. ORs for individuals
with ALDH? rs671 GA/AA and ADH1B rs1229984 AG/GG,
ALDH?2 rs671 GG and ADHIB rs1229984 AA, and ALDH?2
15671 GG and ADH1B rs1229984 AG /GG were 0.92 (95% CI,
0.73 to 1.16), 1.19 (95% CI, 0.99 to 1.42), and 1.35 (95% CI,
1.11 to 1.63), respectively. The association between alcohol-
related genotypes and CRC risk was similar according to the
anatomical site of CRC. In women, there was no significant
association between alcohol consumption-associated geno-
types and CRC risk (Table 3). However, in the subgroup
analysis for anatomical sites of CRC, compared to women
with ALDH? rs671 GG genotype, those with ALDH? rs671
AA genotype had a higher risk of distal colon cancer (OR,
1.99;95% CI, 1.04 to 3.61).

The association between ALDH2/ADH1B genotypes and
CRC risk according to drinking and smoking habits are
shown in Tables 4 and 5. The impact of drinking on CRC
risk was higher in women than in men. In men, the CRC risk
in ALDH? rs671 GA/AA carriers was 0.58 (95% CI, 0.47 to
0.71) for current drinkers and 0.74 (95% CI, 0.61 to 0.91) for
abstainers, while in women the CRC risk in ALDH? rs671
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Table 3. Colorectal cancer risk according to ALDH2 and ADH1B genotypes in women

Colorectal cancer Distal colon cancer Rectal cancer

Proximal colon cancer

No. of No. of OR No. of OR No. of OR No. of OR
controls cases 95% CI) cases (95% CI) cases (95% CI) cases (95% CI)
ALDH2 rs671
GG 1,541 1,417 1.00 (reference) 376 1.00 (reference) 325 1.00 (reference) 701 1.00 (reference)
GA 508 496 1.10 (0.95-1.27) 137 1.15(0.92-1.44) 125 1.22(0.97-1.54) 226 1.02(0.84-1.22)
AA 39 47 1.37(0.88-2.13) 14 1.51(0.77-2.80) 15 1.99 (1.04-3.61) 17 0.97 (0.53-1.72)
GA/AA? 547 543 1.12 (0.97-1.29) 151 1.18 (0.94-1.46) 140 1.27 (1.02-1.59) 243 1.01(0.85-1.21)
ADH1B rs1229984
AA 1,235 1,153 1.00 (reference) 327 1.00 (reference) 256 1.00 (reference) 558 1.00 (reference)
AG 729 705 1.07 (0.94-1.23) 173 0.92 (0.75-1.14) 183 1.22(0.98-1.51) 338 1.07 (0.90-1.26)
GG 124 102 099(0.75-1.31) 27 095(0.60-145) 26 1.11(0.70-1.72) 48 0.97 (0.67-1.37)
AG/GG? 853 807 1.06 (0.93-1.21) 200 0.92(0.76-1.13) 209 1.20(0.98-1.48) 386 1.05(0.90-1.23)
ALDH2 rs671 &
ADHI1B rs1229984
ALDH2 GA/AA & 337 314 1.00 (reference) 94  1.00 (reference) 73 1.00 (reference) 144 1.00 (reference)
ADHI1B AA
ALDH2 GA/AA & 210 229 1.25(0.98-1.60) 57 1.05(0.71-1.53) 67 1.55(1.06-2.27) 99 1.19(0.87-1.63)
ADHIB AG/GG
ALDH2 GG & 898 839 0.98 (0.81-1.18) 233 0.91 (0.69-1.20) 183  0.91 (0.68-1.24) 414 1.05(0.84-1.33)
ADHI1B AA
ALDH2 GG & 643 578 0.98 (0.81-1.19) 143  0.81 (0.60-1.09) 142 0.99 (0.73-1.37) 287 1.06 (0.83-1.36)
ADHIB AG/GG

p for linear trend 0.343

0.105 0.285 0.876

Age and genotyping array were adjusted in all models. ADH1B, alcohol dehydrogenase 1B; ALDH?2, aldehyde dehydrogenase 2; CI, con-
fidence interval; OR, odds ratio. YDominant genetic model was used for the analysis.

GA/AA carriers was 0.33 (95% CI, 0.18 to 0.58) for current
drinkers and 0.88 (95% CI, 0.74 to 1.04) for abstainers. The
interaction between alcohol consumption and the ALDH2
genotype was statistically significant only in women (p <
0.001). Also, the interaction of drinking status for association
between combined alcohol-related genotypes and CRC was
significant only in women.

Table 6 represents the association between rs671 and
151229984 polymorphism and prevalence of current drinkers.
The A allele of both rs671 and rs1229984 was related to low
prevalence of current drinker in both sexes. The prevalence
of current drinkers was higher in both sexes as the combined
genotypes predicted to have higher alcohol consumption
(p for trend < 0.001). On the other hand, the prevalence of
smoker was not related to rs671 or rs1229984 polymorphism
(data not shown).

Discussion

We found that the association between alcohol-related
genetic variants and CRC risk differed between men and
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women. Men with ALDH?2 rs671 GA/AA had a lower risk
for CRC than those with ALDH2 rs671 GG. A stronger
association was found among regular drinkers than abstain-
er or never drinker in both sexes. However, ADHIB poly-
morphisms were not significantly associated with CRC in
men or women.

We found that the ADHIB rs1229984 polymorphism was
not significantly associated with the risk for CRC; however,
heterozygous or minor homozygous ALDH2 (GA or AA)
was significantly associated with a lower risk for CRC, con-
sistent with the findings of several previous studies [13,14,16,
26]. Furthermore, our findings are largely in line with meta-
analyses showing an association between ALDH2 rs671 GA/
AA and low risk for CRC [18,19]. By contrast, the associa-
tion between ADHIB and CRC risk remains controversial.
In Japanese individuals [13,15], ADH1B rs1229984 AG/GG
is associated with a high risk for CRC; however, our study
and other previous studies [14,16] found no significant
association between ADH1B and CRC risk. These discrepan-
cies might be explained by differences in the effects of differ-
ent single nucleotide polymorphisms on alcohol consump-
tion behavior. Compared to ALDH? rs671, ADH1B rs1229984
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Table 4. Impact of ALDH2/ADH1B genotype on CRC risk stratified by the alcohol drinking and smoking status in men

Current drinker Abstainers Ever-smoker Never smoker
Case/ OR Case/ Case/ OR Case/ OR
Control (95% CI) Control (95% CI) Control (95% CI) Control (95% CI)
ALDH2 rs671
GG 1,364/726 1.00 (reference) 1,212/289 1.00 (reference) 1,338/713 1.00 (reference) 1,238/302 1.00 (reference)
GA/AA 243/218 0.58 (0.47-0.71)  656/232 0.74(0.61-0.91)  486/333 0.77 (0.65-0.91) 413/117 0.83 (0.65-1.06)
p for interaction 0.137 0.537
ADHI1B rs1229984
AA 901/550 1.00 (reference) 1,132/322 1.00 (reference) 1,063/622 1.00 (reference)  970/250 1.00 (reference)
AG/GG 706/394 1.09(0.93-1.29) 736/199 1.06 (0.87-1.30) 761/424 1.06 (0.91-1.24) 681/169 1.08 (0.87-1.35)
p for interaction 0.760 0.928
ALDH2 rs671 &
ADHI1B rs1229984
ALDH2 GA/AA 145/112 1.00 (reference) 386/144 1.00 (reference) 284/192 1.00 (reference) 247/64 1.00 (reference)
& ADHIB AA
ALDH2 GA/AA  98/106 0.72(0.49-1.04) 270/88 1.13(0.83-1.55) 202/141 0.99 (0.74-1.32) 166/53  0.80 (0.53-1.22)
& ADH1B AG/GG
ALDH?2 GG 756/438 1.37 (1.04-1.80) 746/178 1.41(1.08-1.82) 779/430 1.24 (1.00-1.55) 723/186 1.01 (0.73-1.39)
& ADHIB AA
ALDH2 GG & 608/288 1.68 (1.26-2.23)  466/111 1.44 (1.08-1.92) 559/283 1.36 (1.08-1.72) 515/116 1.23 (0.86-1.73)
ADHIB AG/GG
p for interaction 0.080 0.700

Age and genotyping array were adjusted in all models. Dominant genetic model was used for all analyses. ADH1B, alcohol dehydrogenase
1B; ALDH2, aldehyde dehydrogenase 2; CI, confidence interval; CRC, colorectal cancer; OR, odds ratio.

is a weaker instrumental variable for alcohol consumption.
ALDH? rs671 GG was associated with a high prevalence of
alcohol dependence [9,11] or alcohol consumption [10]. Nev-
ertheless, ADH1B polymorphisms are not significantly asso-
ciated with drinking behavior [11], and their effect on alcohol
consumption is weaker than that of ALDH2 polymorphisms
[9,10]. Moreover, in the China Kadoorie Biobank study, the
largest and most recent alcohol-related MR study [8], the
effects of ADHIB polymorphisms on alcohol consumption
were 2-4 times smaller than those of ALDH2 polymorphisms.

Previous studies that have evaluated the association
between combined ALDH?2 and ADH1B genotypes and CRC
risk have provided inconsistent results. Although Yin et al.
[13] reported no significant differences among combined
genotypes, Matsuo et al. [15] found significant gene-gene
interactions. In our study, although our study cohorts size
was nearly 10 times larger than that of Matsuo et al. [15] we
found no gene-gene interactions. However, we found that
alcohol-related genetic variants were associated with CRC
risk in men and that the risk for CRC was high in carriers of
high alcohol consumption-associated combined genotypes.
In women, however, these associations were not significant.
Several factors could have attributed to these divergences.
First, alcohol consumption habits differ significantly bet-

ween men and women. The differences in alcohol consump-
tion among different genotypes are considerably smaller in
women than in men [8,10,12]. However, previous studies
have not conducted sex-stratified analyses [13,15]. Second,
ADH1B has pleiotropic effects on ethanol metabolism. Indi-
viduals with low ADH1B activity experience less unfavora-
ble symptoms after alcohol intake due to the lower acetal-
dehyde levels [27]. Thus, ADH1B rs1229984 AG/ GG carriers
have higher levels of alcohol than ADHIB rs1229984 AA
carriers. However, low ADHIB activity prolongs exposure
to acetaldehydes produced by microbes in the gastrointesti-
nal tract due to the low ethanol elimination rate [28]. On the
other hand, salivary acetaldehyde level varies depending on
the distribution of microbes in the digestive tract [29], and
there are few studies on the effects of alcohol-related genetic
variants on the distribution or activity of microbes, so further
evaluation is necessary.

In our study, the association between alcohol-related gene-
tic variants and CRC differed by sex. Although genetic vari-
ants favorable for alcohol consumption were associated with
high risk of CRC in men, but in women there was no such
association. This is because the strength of the association
between genetic variants and alcohol consumption is
weaker in women than in men. In our study, the amount of
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Table 5. Impact of ALDH2/ADHI1B genotype on CRC risk stratified by the alcohol drinking and smoking status in women

Current drinker Abstainers Ever-smoker Never smoker
Case/ OR Case/ OR Case/ OR Case/ OR
Control (95% CI) Control (95% CI) Control (95% CI) Control (95% CI)
ALDH2 rs671
GG 216/817 1.00 (reference) 1,201/724 1.00 (reference) 57/200 1.00 (reference) 1,360/1,341 1.00 (reference)
GA/AA 13/154 0.33(0.18-0.58)  530/393 0.88 (0.74-1.04)  17/72  0.99 (0.50-1.90) 526/475 1.14(0.98-1.33)
p for interaction <0.001 0.295
ADHI1B rs1229984
AA 126/569 1.00 (reference) 1,027/666 1.00 (reference) 44/155 1.00 (reference) 1,109/1,080 1.00 (reference)
AG/GG 103/402 1.06(0.87-1.30) 704/451 1.08 (0.92-1.27) 30/117 0.70 (0.38-1.24) 777/736  1.11 (0.97-1.27)
p for interaction 0.382 0.585
ALDH2 rs671 &
ADHI1B rs1229984
ALDH2 GA/AA 7/87  1.00 (reference) 307/250 1.00 (reference) 8/47  1.00 (reference)  306/290 1.00 (reference)
& ADHIB AA
ALDH2 GA/AA 6/67 1.08(0.33-3.39) 223/143 1.42(1.07-1.88) 9/25  1.25(0.39-4.05) 220/185 1.23(0.95-1.60)
& ADH1B AG/GG
ALDH2 GG 119/482 292 (1.41-7.11)  720/416 1.34(1.08-1.66) 36/108 1.41 (0.59-3.66) 803/790  0.93 (0.76-1.13)
& ADHIB AA
ALDH2 GG & 97/335 3.38(1.61-8.27) 481/308 1.26(1.00-1.59)  21/92  0.80 (0.31-2.21) 557/551 0.99 (0.80-1.22)
ADHIB AG/GG
p for interaction <0.001 0.248

Age and genotyping array were adjusted in all models. Dominant genetic model was used for all analyses. ADH1B, alcohol dehydrogenase
1B; ALDH2, aldehyde dehydrogenase 2; CI, confidence interval; CRC, colorectal cancer; OR, odds ratio.

Table 6. Associations between rs671 and rs122984 and prevalence of current drinker in control groups

Men Women

Current drinker/Abstainer OR (95% CI) Current drinker/Abstainer OR (95% CI)

ALDH2 rs671
GG 817/724 1.00 (reference) 726/289 1.00 (reference)
GA 145/363 0.42 (0.33-0.53) 206/204 0.35 (0.28-0.44)
AA 9/30 0.18 (0.09-0.36) 12/28 0.26 (0.12-0.55)
ADH1B rs1229984
AA 569/ 666 1.00 (reference) 550/322 1.00 (reference)
AG 344/385 1.20 (0.95-1.52) 344/175 1.05 (0.87-1.27)
GG 58/66 1.28 (0.77-2.18) 50/24 1.12 (0.77-1.64)
ALDH?2 rs671 & ADH1B rs1229984
ALDH2 GA/AA & ADHIB AA 87/250 1.00 (reference) 112/144 1.00 (reference)
ALDH2 GA/AA & ADHI1B AG/GG 67/143 1.70 (1.16-2.51) 106/88 1.43 (0.97-2.10)
ALDH2 GG & ADHI1B AA 482 /416 3.14 (2.31-4.29) 438/178 3.39 (2.56-4.52)
ALDH2 GG & ADH1B AG/GG 335/308 3.37 (2.40-4.73) 288/111 3.21 (2.39-4.33)
p for linear trend <0.001 <0.001

ADH1B, alcohol dehydrogenase 1B; ALDH2, aldehyde dehydrogenase 2; CI, confidence interval; OR, odds ratio.

alcohol consumption was not investigated, but in previous in women than in men. In MR analysis using weak instru-
MR studies of Eastern Asians [8,12], the difference in alco- mental variables, it may not be possible to exclude the effect
hol consumption according to genetic variants was smaller of unmeasured confounders, one of the main objectives of
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MR analysis (weak instrumental bias) [30]. Interestingly, in
the subgroup analysis for anatomical sites of CRC, among
ALDH?2 rs671 polymorphism, AA genotypes were associated
with high risk of distal colon cancer in women only. ALDH2
detoxified endogenous aldehyde such as 4-hydroxy-2-non-
enal and malondialdehyde produced by reactive oxygen
species [31]. The hormonal effect is presumed to be involved
in the carcinogenic mechanism of ALDH? because AA geno-
types had a higher risk of breast cancer in the subgroup with
high estrogen receptor expression [32]. However, because
few studies are evaluating hormonal mediated mechanisms,
future studies are needed.

A recent meta-analysis demonstrated that the risk for CRC
is lowest in individuals who consume 7 g or less of alcohol
per day, and increases when consumption is 14 g/day [6].
However, we found that in men, the risk for CRC increased
with increasing genetically predicted alcohol consumption.
Although the China Kadoorie Biobank study [8] showed a
J-shaped association between subjective alcohol consump-
tion and the risk for cerebrovascular diseases, the associa-
tion between genetically predicted alcohol consumption and
cerebrovascular diseases was linear. Therefore, the protective
effect of alcohol reported by studies involving questionnaires
is presumed to be due to sick-quitter or under-reporter bias
(8,33].

To the best of our knowledge, this is the first study on
this topic involving sex-stratified analyses. In addition, we
performed combined genotype analyses using a large study
cohort. The results of our study using genetic variants are
less affected by reverse causality or residual confounding
than those of studies using subjective alcohol consumption.
However, there were several limitations to this study. The
mechanism of ethanol-associated carcinogenesis was not ful-
ly evaluated. The levels of accumulated acetaldehyde after
alcohol intake differ between individuals with ALDH2 and
ADHIB genotypes [27,28]. Therefore, to evaluate the carci-
nogenic effects of acetaldehyde on CRC, the dose-response
relationship of alcohol should be evaluated after cohort
stratification based on alcohol-related genotypes. Because

we did not investigate the level of alcohol consumption, we
could not evaluate such associations. In addition, the dose—
response relationship between genetically predicted alcohol
consumption and CRC risk could not be assessed, because
the alcohol consumption based on alcohol-related genotypes
was not estimated. Therefore, it is necessary to estimate the
causal effect of alcohol consumption on CRC risk through
the two-stage least square method in the genetic study
investigating the amount of alcohol consumption, or per-
form a two-sample MR study using the results of GWAS on
the amount of alcohol consumption.

In conclusion, the association between alcohol-related
genotypes and CRC risk differed between men and women
in this South Korean cohort. Men with genotypes associated
with high alcohol consumption had a high risk for CRC.
Future studies are required to elucidate the role of ethanol in
carcinogenesis in individuals with different ethanol metabo-
lism-related genetic variants.
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