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Abstract

Background: The role of polymorphisms in genes regulating alcohol metabolism,
particularly those modulating the impact of prenatal alcohol exposure on the neu-
rodevelopment of offspring, remains inconclusive. Herein, we aimed to determine the
involvement of ADH1B and ALDH2 gene polymorphisms in maternal alcohol consump-
tion during pregnancy and the risk of developmental delay in offspring in a Japanese
population.

Methods: We analyzed 1727 mother-child pairs from the Yamanashi Adjunct Study
of the Japan Environment and Children's Study. Maternal alcohol consumption during
pregnancy was determined through a mid-pregnancy questionnaire and categorized
into three groups: never-drinkers, those who quit drinking in early pregnancy, and cur-
rent drinkers. Developmental delays in children were assessed in five domains using
the Japanese version of the Ages and Stages Questionnaire, Third Edition (J-ASQ-3)
at 3years of age. We conducted a logistic regression analysis to explore the relation-
ship between maternal drinking status during pregnancy and developmental delays
in offspring with respect to maternal ADH1B (rs1229984) or ALDH2 (rs671) gene
polymorphisms.

Results: Children born to mothers who continued alcohol consumption during preg-
nancy had a higher risk of delayed communication skills at 3years of age compared
with children born to mothers who did not drink alcohol (adjusted odds ratio [OR],
5.82; 95% confidence interval, 1.84-18.38). Analysis by ALDH2 gene polymorphism
revealed that alcohol consumption by mothers carrying the wild-type ALDH2 (*1/*1)

increased the risk of delayed communication skills at 3years of age, whereas alcohol
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INTRODUCTION

Prenatal exposure to alcohol is known to cause fetal alcohol spectrum
disorder (FASD). FASD includes a wide range of physical, cognitive, and
behavioral problems, with fetal alcohol syndrome (FAS) identified as
the most severe manifestation, resulting in characteristic facial fea-
tures, developmental delays, and central nervous system dysfunction
(Denny et al., 2017; Jones & Smith, 1973). Even in the absence of the
typical symptoms of FAS, prenatal exposure to alcohol may negatively
impact the child's neurodevelopment, leading to attention deficits,
learning delays, poor memory, and impaired social skills (Du Plooy
et al., 2016; O'Callaghan et al., 2007; Panczakiewicz et al., 2016).

According to data acquired in 2012, 9.8% of women consume
alcohol during pregnancy worldwide, with an estimated 25.2% in
the European region (Popova et al., 2017). In Japan, the percent-
age of mothers who consume alcohol during pregnancy is declin-
ing, plummeting to 1.0% in 2019 (Health Japan 21, 2023). Currently,
the safe level of alcohol intake during pregnancy remains unknown.
Recent studies have revealed that even low-to-moderate alcohol
intake during pregnancy may increase the risk of FASD (Chambers
et al., 2019; Kesmodel et al., 2019). Thus, guidelines from countries
worldwide emphasize the importance of avoiding alcohol consump-
tion by females who are pregnant, planning to become pregnant, and
breastfeeding.

Alcohol is primarily metabolized by alcohol dehydrogenase
(ADH) and aldehyde dehydrogenase (ALDH). The most studied ge-
netic variants in alcohol metabolism include ADH1B and ALDH2 (Eng
et al,, 2007). Both rs1229984 (ADH1B*1 and *2) and rs2066702
(ADH1B*3) are single-nucleotide polymorphisms (SNPs) of ADH1B
(Polimanti & Gelernter, 2018). The ADH1B*1 allele produces a pro-
tein with arginine at positions 48 and 370, which exhibits the low-
est enzymatic activity among the three isozymes with respect to
ethanol metabolism. Conversely, the ADH1B*2 allele results in a
protein with histidine at position 48 and arginine at position 370,
contributing to heightened enzyme activity. This increased activity
facilitates the rapid clearance of ethanol. Furthermore, the protein
product of the ADH1B*3 allele, characterized by arginine at position
48 and cysteine at position 370, similarly demonstrates prompt eth-
anol clearance.

ALDH2 (rs671) has a wild-type ALDH2*1 allele and an inactive
ALDH2*2 allele. The ALDH2*2 allele leads to a protein product in

delay in their offspring.

consumption by mothers carrying a heterozygotic genotype of ALDH2 (*1/*2) en-
hanced the risk of developmental delay in all five domains of the J-ASQ-3. The impact
of ADH1B gene polymorphism could not be clearly elucidated.

Conclusions: Our results suggest that alcohol consumption by pregnant females car-

rying the deficient variant ALDH2*2 genotype may increase the risk of developmental

ADH1B, alcohol, ALDH2, ASQ-3, pregnant women

which lysine replaces glutamine at position 487. ALDH2*2 homozy-
gotes have almost no activity. Enzymatic activity in ALDH2*2 het-
erozygotes is reportedly less than 20% when compared with that
of ALDH2*1 homozygotes (Edenberg & McClintick, 2018; Kitagawa
et al., 2000). The allele frequencies of these genes vary by ances-
tral populations; ADH1B*1 is most prevalent in non-Hispanic Whites
and Blacks or African Americans, while ADH1B*2 is frequently de-
tected in Northeast Asians. ADH1B*3 is predominantly found in
individuals of African descent, and ALDH2*2 is almost exclusively
present in Northeast Asians (Brennan et al.,, 2004; Edenberg &
McClintick, 2018; Wall et al., 2016).

The effects of maternal alcohol consumption during pregnancy
on the fetus are thought to vary substantially depending on maternal
polymorphismsin genes regulating alcohol metabolism. Several stud-
ies conducted in the United States and South Africa nearly 20years
ago primarily focused on the ADHI1B rs1229984 polymorphisms.
In most of these studies, homozygosity for ADH1B*1 was found to
be associated with an increased risk of FAS (Green & Stoler, 2007).
However, recent studies in Poland and the UK have shown that
genetic polymorphisms in ADH1B (rs1229984 and rs1789891) are
not associated with the risk of FASD (Howe et al., 2019; Kukowka
et al.,, 2023). These studies focused on the effects of increased eth-
anol exposure on the fetus owing to decreased ADH1B activity. On
the contrary, few studies have involved Northeast Asians, who are
known to have a high prevalence of the ALDH2*2 allele, and the ef-
fects of increased acetaldehyde owing to decreased ALDH2 activity
remain largely unknown. Therefore, in the current study, we aimed
to determine the effects of maternal alcohol consumption during
pregnancy on delayed development in the offspring with respect
to ADH1B (rs1229984) and ALDH2 (rs671) polymorphisms using a

Japanese birth cohort.

MATERIALS AND METHODS

Study setting and population

The Japan Environment and Children's Study (JECS) is a nationwide
birth cohort study planned by the JECS Working Group to elucidate

environmental factors that influence the health and development
of children. Pregnant women were recruited from January 2011
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to March 2014, resulting in over 100,000 participants in the JECS.
The detailed protocols have been published elsewhere (Kawamoto
et al., 2014; Michikawa et al., 2018). The dataset utilized in this
study is the jecs-ta-20190930-qgsn, initially released in October
2019 and finalized in March 2022. The JECS comprises 15 regional
centers spanning 19 prefectures throughout Japan, with the current
study concentrating on the Koshin Regional Center, which includes
Yamanashi and Nagano prefectures. Between 2019 and 2022, ad-
ditional surveys were conducted among participants in Yamanashi
Prefecture when the respective children turned 8years of age, with
blood samples collected from both mothers and children for DNA
analysis. Of the 2036 additional survey participants, we excluded
those with a maternal history of neurodevelopmental disorders,
those with missing data on maternal drinking status during preg-
nancy, and those with missing information on maternal SNPs and
the Japanese version of the Ages and Stages Questionnaire, Third
Edition (J-ASQ-3), scores of the offspring at 3years. Ultimately, our
analysis focused on 1727 mother-child pairs in the current study.
The JECS protocol was reviewed and approved by the Ministry of
the Environment's Institutional Review Board for Epidemiological
Studies and the Ethics Committees of all participating institutions
(ethical approval number: 100910001). Additionally, this study was
approved by the Institutional Review Board of Yamanashi University
(No.: 2070, 2218). The research adhered to the principles of the
Declaration of Helsinki, and explicit written consent was acquired

from each participant involved in the study.

Alcohol consumption status

Maternal drinking status was ascertained during the second/third
trimester using a self-administered dietary assessment tool, the
food frequency questionnaire, which has been validated previously
(Yokoyama et al., 2016). Each mother was instructed to select from

» o«

one of the following options: “Never;” “Previously did, but quit;”
“Previously did, but quit before recognizing the current pregnancy;”
“Previously did, but quit after finding out about current pregnancy;”
or “I'm still drinking.” In the current study, we re-grouped these op-

n o«

tions into three categories: “Never,” “Quit drinking in early preg-
nancy,” and “Current drinkers.”

Mothers who reported current alcohol consumption were spe-
cifically asked about the frequency, types, and amount of alcohol
consumed. The mother's drinking frequency was assessed using the
following question: “Since you found out you were pregnant, how
often have you drunk alcohol?” The options for the responses were
as follows: “Hardly drank,” “1 to 3 times a month,” “1 to 2 times a

» o«

week,” “3 to 4 times a week,” “5 to 6 times a week,” and “l drink every
day.” Subsequently, we re-stratified these options into three catego-
ries: “Hardly drank alcohol,” “1-3 times a month,” and “1-2 times a
week or more.” The amount of alcohol consumed was assessed using
the question, “Since you found out you were pregnant, how much
alcohol did you drink?” The alcohol content of each beverage (sake,

distilled spirits, beer, whiskey, and wine) was summed to calculate
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the total ethanol exposure (g/week). One standard drink was de-
fined as containing 14 g of ethanol (Kurita et al., 2021). Mothers who
were not currently drinking were categorized as “Never.”

The maternal drinking status after birth was determined using
a questionnaire administered when the child was 1.5years of age.
Respondents selected from among the following options to deter-
mine the frequency of drinking: “seldom,” “1 to 3 times a month,”
“1 to 2 times a week,” “3 to 4 times a week,” “5 to 6 times a week,”
and “every day.” Herein, we re-categorized the frequency of post-
delivery drinking into four categories: “hardly drink,” “1-3 times a

»

month,” “1-2 times a week,” and “3 times a week or more.”

Genotyping

Genomic DNA was extracted from maternal whole blood using the
FlexiGene DNA kit (Qiagen). The ADH1B (rs1229984) and ALDH2
(rs671) genotypes were determined using the Biomark HD system

(Standard BioTools) according to the manufacturer's protocol.

Outcome definitions

Developmental delays in the offspring were evaluated using the
J-ASQ-3, which was included in a questionnaire sent to the par-
ticipants when the offspring turned 3years of age. The J-ASQ-3
comprises a total of 30 questions, with six questions in each of the
five domains: communication, gross motor, fine motor, problem-
solving, and personal and social skills. Parents/caregivers were
required to select one of the following for each question: “Yes” if
their child can perform the activity; “Sometimes” if their child can
occasionally perform the activity; or “No yet” if their child cannot
perform the activity. Each response of “Yes,” “Sometimes,” and “No
yet” was assigned 10, 5, and O points, respectively.

The total score for each domain ranged between 0 and 60 points.
If the score fell below the cutoff for each domain, the child was con-
sidered to have developmental delays in that domain. The cutoff
scores for the J-ASQ-3 have been validated for Japanese children,
and cutoff scores for developmental delay at 3years of age are re-
ported as follows: communication (29.95), gross motor skills (39.26),
fine motor skills (27.91), problem-solving (30.03), and personal-so-
cial (29.89) (Mezawa et al., 2019).

Covariates

We selected confounding factors associated with drinking habits and
those that affect child development based on the previous litera-
ture (Black et al., 2017; Little et al., 2002; Maher et al., 2022; Miyake
etal., 2023). Information regarding maternal smoking during pregnancy,
annual household income (million yen), maternal educational level, and
maternal age atbirth was collected from mothersin the firstand second/
third trimesters of pregnancy using a self-administered questionnaire.
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Child sex, prepregnancy body mass index (BMI), and birth weight were
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extracted from medical record transcripts. Breastfeeding information
was gathered using a self-administered questionnaire when the child
was 1year of age. Maternal age at birth was categorized as <25years,
25-29years, 30-34years, and >35years. The prepregnancy BMI was
categorized into the underweight (<18.5kg/m?), normal (18.5-24.9kg/

m?), and overweight (225 kg/m?) groups.

Statistical analyses

We examined whether maternal alcohol consumption during preg-
nancy was associated with developmental delays at the age of
3years using multivariate logistic regression analysis. We utilized the
group of mothers who did not drink alcohol during pregnancy as the
reference and calculated the odds ratios (ORs) for developmental
delay risk in other groups. In the multivariable models, adjustments
were made for prepregnancy BMI, maternal age at birth, and breast-
feeding until the child reached 1year of age. Both crude ORs (cOR)
and adjusted ORs (aOR), along with their respective 95% confidence
intervals (Cl), were calculated.

To elucidate the interaction between alcohol consumption and ge-
netic polymorphisms, participants were stratified based on maternal
drinking status during pregnancy and the combination of ADH1B or
ALDH2 genotype, and a multivariate logistic regression analysis was
performed. The ADH1B genotype was classified into *2/*2 and *1/*1
+ *1/*2. Given the absence of any mother who had the ALDH2*2/*2
genotype and drank alcohol during pregnancy, mothers with the
ALDH2*2/*2 genotype were excluded from the analysis. Ultimately,
a total of six categories were established, representing the combina-
tion of maternal drinking status during pregnancy (three groups) with
either ADH1B genotype (two types) or ALDH2 genotype (two types).
Subsequently, logistic regression analysis was performed to explore
the association between these exposures and developmental delay at
the age of 3years. The interaction between maternal drinking status
during pregnancy and the ADH1B or ALDH2 genotypes was assessed
using the Wald test for the product term. We calculated the ORs for
developmental delay in other groups when compared with a reference
group of mothers who did not drink alcohol during pregnancy and had
active gene variants (ADH1B*2/*2 or ALDH2*1/*1).

Missing values were excluded from the multivariate analysis.
Statistical significance was set at a P-value of 0.05 (two-sided). All sta-
tistical analyses were conducted using the Statistical Package for the
Social Sciences software version 27.0 (IBM Corp., Armonk, NY, USA).

RESULTS

Table 1 summarizes the characteristics of the mothers and their
children. The maternal drinking status during pregnancy was as
follows: 958 mothers (55.5%) did not drink alcohol before becom-
ing pregnant; 735 mothers (42.6%) stopped drinking after finding
out that they were pregnant; and 34 mothers (2.0%) continued

drinking during pregnancy. The number of 3-year-olds exhibiting
scores below the cutoff value for each J-ASQ-3 domain were as fol-
lows: communication, n=41 (2.4%); gross motor skills, =78 (4.5%);
fine motor skills, n=107 (6.2%) problem-solving skills, n=102 (5.9%);
and personal-social skills, =42 (2.4%).

Association between maternal drinking and
ADH1B and ALDH2 gene polymorphism

Table 2A depicts the cross-tabulation of maternal genetic polymor-
phisms and maternal drinking status during pregnancy. Seventy-nine
mothers (4.6%) had the ADH1B*1/*1 genotype, 616 (35.7%) had the
*1/*2 genotype, and 1032 (59.8%) had the *2/*2 genotype. The ALDH2
*1/*1, *1/*2, and *2/*2 genotypes were observed in 973 (56.3%),
653 (37.8%), and 101 (5.8%) mothers, respectively. Cross-tabulations
of alcohol consumption amount and frequency with each genotype
are shown in Table 2B,C. Furthermore, Table 2D shows the cross-
tabulation results of the frequency of maternal alcohol consumption
when the child was 1.5years of age and each genotype. None of the
mothers carried the ALDH2*2/*2 genotype were drinking before or
during pregnancy, nor when the child was 1.5years of age. The fre-
quencies of ADH1B (p=0.56) and ALDH2 (p=0.82) genotypes did not
deviate significantly from the Hardy-Weinberg equilibrium.

Association between maternal drinking status during
pregnancy and the risk of developmental delay at
3years of age

Table 3 displays the relationship between maternal drinking status
during pregnancy and the risk of developmental delay at 3years of
age. Children of mothers who consumed alcohol during pregnancy had
a higher risk of delays in communication skills when compared with
those born to nondrinking mothers (cOR, 5.67; 95% Cl, 1.84-17.49;
aOR, 5.82; 95% Cl, 1.84-18.38). Considering the other four domains
of J-ASQ-3, children born to mothers who consumed alcohol during
pregnancy had higher ORs for developmental delay than those born
to nondrinking mothers, although no significant differences were de-
tected. Children born to mothers who quit drinking in early pregnancy
did not show any association with the risk of developmental delay in
any of the J-ASQ-3 domains when compared with those born to non-

drinking mothers.

Association between maternal drinking status
during pregnancy, maternal ADH1B genotype
combinations, and the risk of developmental delay at
3years of age

Table 4 illustrates whether the combination of maternal drinking
status during pregnancy and maternal ADH1B genotype is associ-
ated with the risk of developmental delay at 3years of age. Only two
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TABLE 1 Characteristics of the study population.

Maternal drinking status during pregnancy

Quit drinking in early Current drinking, 34
All, 1727 (100) Never, 958 (55.5) pregnancy, 735 (42.6) (2.0)
Maternal age at birth (years)
<25 81(4.7) 47 (2.7) 34(2.0) 0(0.0)
25-29 411 (23.8) 234 (13.5) 169 (9.8) 8(0.5)
30-34 621 (36.0) 352(20.4) 260 (15.1) 9(0.5)
235 614 (35.6) 325(18.8) 272(15.7) 17 (1.0)
Maternal smoking during pregnancy
No 1678 (98.0) 932 (54.4) 713 (41.6) 33(1.9)
Yes 35(2.0) 16 (0.9) 18(1.1) 1(0.1)
Missing data 14 (0.8)
Prepregnancy BMI (kg/m?)
<18.5 314 (18.2) 182 (10.5) 129 (7.5) 3(0.2)
18.5-25 1260 (73.0) 690 (40.0) 540 (31.3) 30(1.7)
>25 153(8.9) 86 (5.0) 66 (3.8) 1(0.1)
Annual household income (million yen)
<4 611 (37.1) 347 (21.1) 248 (15.1) 16 (1.0)
4-6 525(31.9) 292 (17.7) 224 (13.6) 9(0.5)
26 510 (31.0) 273 (16.6) 229 (13.9) 8(0.5)
Missing data 81(4.7)
Birth weight (g) 2991.3+414.9 2985.1+424.1 2999.5+401.8 2988.4+437.9
Sex of child
Male 832 (48.2) 442 (25.6) 375(21.7) 15(0.9)
Female 895 (51.8) 516 (29.9) 360 (20.8) 19 (1.1)
Older siblings
No 919 (53.2) 461 (26.7) 449 (26.0) 9(0.5)
Yes 808 (46.8) 497 (28.8) 286 (16.6) 25(1.4)
Breastfeeding at 1year of age
No 657 (38.6) 336 (19.8) 310 (18.2) 11 (0.6)
Yes 1044 (61.4) 604 (35.3) 417 (24.5) 23 (1.4)
Missing data 26 (1.5)
J-ASQ-3 score at age 3years of age
Communication skill
22995 1686 (97.6) 936 (54.2) 720 (41.7) 30(1.7)
<29.95 41(2.4) 22(1.3) 15(0.9) 4(0.2)
Gross motor skill
239.26 1649 (95.5) 916 (53.0) 703 (40.7) 30(1.7)
<39.26 78 (4.5) 42 (2.4) 32(1.9) 4(0.2)
Fine motor skill
22791 1620 (93.8) 899 (52.1) 690 (40.0) 31(1.8)
<2791 107 (6.2) 59 (3.4) 45 (2.6) 3(0.2)
Problem-solving skill
>30.03 1625 (94.1) 901 (52.2) 693 (40.1) 31(1.8)
<30.03 102 (5.9) 57 (3.3) 42 (2.4) 3(0.2)
Personal-social skill
229.89 1685 (97.6) 933 (54.0) 720 (41.7) 32(1.9)
<29.89 42 (2.4) 25(1.4) 15(0.9) 2(0.1)

Note: n (%) or mean + standard deviation (SD).
Abbreviations: BMI, body mass index; J-ASQ-3; Japanese version of the Ages and Stages Questionnaire, Third Edition.
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TABLE 2 Association between maternal drinking status and ADH1B and ALDH2 genotypes.
ADH1B genotype ALDH2 genotype
Total *1/*1 *1/*2 *2/*2 *1/*1 *1/*2 *2/*2
1727 (100) 79 (4.6) 616 (35.7) 1032 (59.8) 973 (56.3) 653(37.8) 101 (5.8)

(A) Maternal drinking status during pregnancy

Never 958 (55.5) 38(2.2) 346 (20.0) 574 (33.2) 393(22.8) 464 (26.9) 101 (5.8)

Quit drinking in early 735 (42.6) 39(2.3) 259 (15.0) 437 (25.3) 551 (31.9) 184 (10.7) 0(0.0)

pregnancy

Current drinker 34(2.0) 2(0.1) 11 (0.6) 21(1.2) 29(1.7) 5(0.3) 0(0.0)
(B) Amount of maternal alcohol consumption during pregnancy (drinks/week)

Never 1709 (99.0) 77 (4.5) 610 (35.3) 1022 (59.2) 959 (54.5) 649 (37.6) 101 (5.8)

<1 10 (0.6) 2(0.1) 3(0.2) 5(0.3) 9(0.5) 1(0.1) 0(0.0)

1-7 8(0.5) 0(0.0) 3(0.2) 5(0.3) 5(0.3) 3(0.2) 0(0.0)
(C) Maternal drinking frequency during pregnancy

Never 1685 (97.6) 76 (4.4) 600 (34.7) 1009 (58.4) 938 (54.3) 646 (37.4) 101 (5.8)

Hardly 22(1.3) 1(0.1) 8(0.5) 13(0.8) 20(1.2) 2(0.1) 0(0.0)

1-3 times/month 11 (0.6) 1(0.1) 4(0.2) 6(0.3) 9(0.5) 2(0.1) 0(0.0)

>1-2 times/week 9(0.5) 1(0.1) 4(0.2) 4(0.2) 6(0.3) 3(0.2) 0(0.0)
(D) Maternal drinking frequency when her child was 1.5years of age

Hardly 1210(71.3) 54 (3.2) 437 (25.7) 719 (42.3) 577 (34.0) 533(31.4) 100 (5.9)

1-3 times/month 185 (10.9) 8(0.5) 65 (3.8) 112 (6.6) 135 (8.0) 50(2.9) 0(0.0)

1-2 times/week 134 (7.9) 1(0.1) 45(2.7) 88(5.2) 105 (6.2) 29 (1.7) 0(0.0)

>3 times/week 169 (10.0) 15(0.9) 53(3.1) 101 (5.9) 143 (8.4) 26 (1.5) 0(0.0)

Note: n (%).

TABLE 3 Association between maternal alcohol consumption during pregnancy and developmental delay in the offspring at 3years of

age.

Subscale of the ASQ-3

Communication

Gross motor

Fine motor

Problem-solving

Personal-social

Maternal drinking status during pregnancy

Never

Quit drinking in early pregnancy
Current drinkers

Never

Quit drinking in early pregnancy
Current drinkers

Never

Quit drinking in early pregnancy
Current drinkers

Never

Quit drinking in early pregnancy
Current drinkers

Never

Quit drinking in early pregnancy

Current drinkers

cOR (95% ClI)

Reference

0.89 (0.46-1.72)
5.67 (1.84-17.49)
Reference

0.99 (0.62-1.59)
2.91(0.98-8.63)
Reference

0.99 (0.67-1.48)
1.48 (0.44-4.97)
Reference

0.96 (0.64-1.45)
1.53(0.45-5.16)
Reference

0.78 (0.41-1.49)
2.33(0.53-10.28)

aOR (95% CI)

Reference
0.86(0.44-1.68)
5.82(1.84-18.38)
Reference

0.92 (0.57-1.49)
2.95(0.97-8.93)
Reference
0.95(0.64-1.43)
1.55(0.45-5.31)
Reference
0.88(0.58-1.34)
1.53(0.45-5.22)
Reference
0.72(0.37-1.39)
2.58(0.57-11.72)

Note: Boldface indicates significance (p <0.05). Adjusted for maternal age at birth, pre-pregnancy body mass index, and breastfeeding until 1 year of

age.

Abbreviations: aOR, adjusted odds ratio; CI, confidence interval; cOR, crude odds ratio; J-ASQ-3, Japanese version of the Ages and Stages

Questionnaire, Third Edition.
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Maternal drinking

Subscale of the status during ADH1B Case (n)/
ASQ-3 pregnancy genotype Control (n)
Communication Never *2/*2 18/556
1/ 1+%1/*2 4/380
Quit drinking in early *2/*2 8/429
pregnancy *1/*14+*1/*2 7/291
Current drinkers *2/*2 4/17
1/ 1+%1/*2 0/13
Gross motor Never *2/*2 25/549
*1/*1+*1/*2 17/367
Quit drinking in early *2/*2 16/421
pregnancy *1/*1+*1/*2 16/282
Current drinkers *2/*2 3/18
*1/*1+*1/*2 1/12
Fine motor Never *2/*2 30/544
*1/*1+%1/*2 29/355
Quit drinking in early *2/*2 27/410
pregnancy *1/*14*1/*2 18/280
Current drinkers *2/*2 2/19
1/ 1+%1/*2 1/12
Problem-solving Never *2/*2 33/541
1/ 1+*1/*2 24/360
Quit drinking in early *2/*2 23/414
pregnancy *1/*1+*1/*2 19/279
Current drinkers *2/*2 2/19
1/ 1+*1/*2 1/12
Personal-social Never *2/*2 20/554
*1/*1+%1/*2 5/379
Quit drinking in early *2/*2 8/429
pregnancy *1/*14+*1/*2 7/291
Current drinkers *2/*2 2/19
1/ 1+%1/*2 0/13

cOR (95% CI)

Reference
0.33(0.11-0.97)
0.58(0.25-1.34)
0.74 (0.31-1.80)
7.27 (2.22-23.80)
NA

Reference

1.02 (0.54-1.91)
0.84 (0.44-1.58)
1.25(0.66-2.37)
3.66(1.01-13.25)
1.83(0.23-14.63)
Reference

1.48 (0.87-2.51)
1.19 (0.70-2.04)
1.17 (0.64-2.13)
1.91(0.43-8.58)
1.51(0.19-12.01)
Reference

1.09 (0.64-1.88)
0.91(0.53-1.58)
1.12(0.62-2.00)
1.73(0.39-7.73)
1.37 (0.17-10.83)
Reference
0.37(0.14-0.98)
0.52(0.23-1.18)
0.67 (0.28-1.59)
2.92(0.64-13.38)
NA

ALCOHOL
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aOR (95% ClI)

Reference
0.35(0.12-1.04)
0.57(0.24-1.32)
0.76 (0.31-1.86)
7.05(2.10-23.70)
NA

Reference

1.04 (0.54-1.98)
0.74 (0.39-1.43)
1.22 (0.64-2.34)
3.56 (0.96-13.21)
2.03(0.25-16.59)
Reference
1.52(0.89-2.61)
1.15(0.67-1.97)
1.13(0.62-2.08)
1.91(0.42-8.72)
1.79 (0.22-14.48)
Reference

1.16 (0.67-2.01)
0.84(0.48-1.4¢6)
1.09 (0.61-1.96)
1.66 (0.37-7.56)
1.55(0.19-12.50)
Reference

0.39 (0.15-1.06)
0.49 (0.21-1.13)
0.65(0.27-1.56)
3.03(0.64-14.47)
NA

TABLE 4 Effect of the combination of maternal drinking during pregnancy and ADH1B genotype on developmental delay in the offspring
at 3years of age.

p for
interaction

NA

0.64

0.71

0.87

NA

Note: Boldface indicates significance (p <0.05). Adjusted for maternal age at birth, pre-pregnancy body mass index, and breastfeeding until 1 year of age.

Abbreviations: aOR, adjusted odds ratio; Cl, confidence interval; cOR, crude odds ratio; J-ASQ-3, Japanese version of the Ages and Stages

Questionnaire, Third Edition; NA, not available.

mothers carried the ADH1B*1/*1 genotype and drank alcohol during
pregnancy; hence, they were grouped together as *1/*2+*1/*1 for
analysis. Considering mothers carrying the ADH1B*2/*2 genotype,
children whose mothers consumed alcohol during pregnancy had an
increased risk of developmental delay in communication skills when
compared with those whose mothers did not drink alcohol (cOR,
7.27, 95% Cl, 2.22-23.80; aOR, 7.05; 95% Cl, 2.10-23.70). In the
other four domains of J-ASQ-3, children born to mothers who drank
alcohol during pregnancy had higher ORs for developmental delay
than those born to nondrinking mothers, although no significant dif-
ferences were detected. Considering mothers with the ADH1B*1/*1
or *1/*2 genotype, analysis was impossible because there were no

cases of developmental delay in the domains of communication and
personal-social skills among children born to mothers who drank al-

cohol during pregnancy.

Association between maternal drinking status
during pregnancy, maternal ALDH2 genotype
combinations, and the risk of developmental delay at
3years of age

Table 5 examines the relationship between maternal drinking hab-
its during pregnancy, maternal ALDH2 genotype combinations, and
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TABLE 5 Effect of the combination of maternal drinking during pregnancy and ALDH2 genotype on developmental delay in the offspring

at 3years of age.

Maternal drinking

Subscale of the status during ALDH2 Case (n)/
ASQ-3 pregnancy genotype Control (n)
Communication Never *1/*1 8/385
*1/*2 12/452
Quit drinking in early *1/*1 9/542
pregnancy £1/%2 6/178
Current drinkers *1/*1 3/26
*1/*2 1/4
Gross motor Never *1/*1 21/372
*1/*2 16/448
Quit drinking in early *1/*1 21/530
pregnancy *1/*2 11/173
Current drinkers *1/*1 1/28
*1/*2 3/2
Fine motor Never *1/*1 22/371
*1/*2 28/436
Quit drinking in early *1/*1 29/522
pregnancy *1/*2 16/168
Current drinkers *1/%1 1/28
*1/*2 2/3
Problem-solving Never *1/*1 22/371
*1/*2 28/436
Quit drinking in early *1/*1 27/524
pregnancy *1/*2 15/169
Current drinkers *1/*1 1/28
*1/*2 2/3
Personal-social Never *1/*1 8/385
*1/*2 15/449
Quit drinking in early *1/*1 10/541
pregnancy £1/%2 5/179
Current drinkers *1/*1 1/28
*1/*2 1/4

cOR (95% Cl) aOR (95% Cl) ?n::;:action
Reference Reference

1.28 (0.52-3.1¢) 1.25(0.51-3.11)
0.80(0.31-2.09) 0.79 (0.30-2.07)
1.62(0.56-4.75) 1.55(0.53-4.55)
5.55(1.39-22.18) 5.98(1.45-24.41) 0.79
12.03(1.21-120.05) 11.54(1.13-118.29)
Reference Reference

0.63(0.33-1.23) 0.59 (0.30-1.16)

0.70 (0.38-1.30) 0.60(0.32-1.13)
1.13(0.53-2.39) 1.01 (0.47-2.15)
0.63(0.08-4.88) 0.62 (0.08-4.82) <0.01
26.57 (4.21-167.71) 21.70 (3.30-142.70)
Reference Reference

1.08 (0.61-1.93) 1.01(0.57-1.81)

0.94 (0.53-1.66) 0.85(0.48-1.52)
1.61(0.82-3,14) 1.45(0.74-2.86)

0.60 (0.08-4.63) 0.63(0.08-4.93) 0.06
11.24(1.79-70.80) 9.27 (1.44-59.88)

Reference Reference

1.08 (0.61-1.93) 1.03(0.58-1.83)

0.87 (0.49-1.55) 0.81(0.45-1.44)
1.50(0.76-2.96) 1.27 (0.63-2.56)

0.60 (0.08-4.63) 0.62 (0.08-4.79) 0.06
11.24 (1.79-70.80) 9.41 (1.46-60.52)

Reference Reference

1.61(0.67-3.83) 1.51(0.63-3.62)
0.89(0.35-2.28) 0.80(0.31-2.07)
1.34(0.43-4.17) 1.16 (0.37-3.66)
1.72(0.21-14.23) 2.00(0.23-17.06) 0.45

12.03(1.21-120.05)

10.63 (1.03-110.28)

Note: Boldface indicates significance (p <0.05). Adjusted for maternal age at birth, pre-pregnancy body mass index, and breastfeeding until 1 year of age.

Abbreviations: aOR, adjusted odds ratio; Cl, confidence interval; cOR, crude odds ratio; J-ASQ-3, Japanese version of the Ages and Stages

Questionnaire, Third Edition; NA, not available.

the risk of developmental delay at 3years of age. Mothers carrying
the ALDH2*2/*2 genotype were excluded from the analysis because
no participant with this genotype drank alcohol during pregnancy
or postpartum. Compared with children of mothers carrying the
ALDH2*1/*1 genotype who did not drink alcohol during pregnancy,
children of mothers carrying the ALDH2*1/*2 genotype who drank
alcohol during pregnancy had a higher risk of developmental delay
in communication (aOR, 11.54; 95% Cl, 1.13-118.29), gross motor
(aOR, 21.70; 95% Cl, 3.30-142.70), fine motor (aOR, 9.27; 95% Cl,
1.44-59.88), problem-solving (aOR, 9.41; 95% Cl, 1.46-60.52), and
personal-social skills (aOR, 10.63; 95% Cl, 1.03-110.28). An inter-
action between alcohol consumption during pregnancy and ALDH2

polymorphism on the risk of gross motor delay was observed
(p<0.01).

DISCUSSION

We identified an association between maternal alcohol consumption
during pregnancy and an elevated risk of delayed communication skills
in offspring at 3years of age. Furthermore, in mothers carrying the
ALDH2*1/*2 genotype, alcohol consumption during pregnancy was
linked to an increased risk of developmental delay in five ASQ-3 domains
at 3years of age.
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In Japan, the prevalence of maternal alcohol consumption during
pregnancy has exhibited a decreasing trend, dropping from 8.7% in
2010 to 4.3% in 2013 and further declining to 1.0% in 2019 (Health
Japan 21, 2023). Consistent with this trend, our study recorded a
rate of 2.0%. In the current study, 735 mothers (42.5%) stopped
drinking after finding out that they were pregnant, while 300 moth-
ers (28.3%) drank alcohol when their children were 1.5years of age.
These results suggest that, in Japan, alcohol consumption during
pregnancy and lactation is widely understood to adversely impact
the health of children.

The adverse effects on the offspring may depend on the amount
of alcohol consumed during pregnancy, although the threshold re-
mains unknown. The association between low-dose prenatal alcohol
exposure and neurodevelopmental effects or behavioral problems in
offspring remains debatable. In a Danish birth cohort, low alcohol con-
sumption (<9 drinks/week) during pregnancy did not affect attention
or executive functioning in 5-year-old children (Skogerbg et al., 2012;
Underbjerg et al., 2012). However, Lees et al. recently reported that
children exposed to relatively low doses of alcohol (1-2 drinks at a time
and <7 drinks per week) throughout the prenatal period face a higher
risk of developing psychological and behavioral problems during ado-
lescence (Lees et al., 2020). All mothers in this study who drank alcohol
during pregnancy were light drinkers (<7 drinks per week), and their
children had greater delays in communication skills at 3years of age.
Discrepancies in these study results could be attributed to the use of
diverse neurological and behavioral measures as outcome measures,
as well as differences in age and confounding factors.

Maternal alcohol consumption during pregnancy is known to
increase the risk of low birth weight infants (Gauthier et al., 2016).
Low birth weight infants reportedly have a higher risk of neurode-
velopmental abnormalities, such as cognitive impairment, motor
impairment, behavioral problems, and reduced academic perfor-
mance, than infants with normal birth weight (Arpi & Ferrari, 2013;
Upadhyay et al., 2019; Weindrich et al., 2003). Therefore, low birth
weight in infants may act as an intermediate factor in the associa-
tion between maternal alcohol consumption during pregnancy and
the risk of developmental delay in children. Nevertheless, in the
mediation analysis, we observed that the relationship between ma-
ternal alcohol consumption during pregnancy and the increased risk
of child developmental delay could directly impact communication
abilities, with no indirect effect on birth weight (Table S1).

Polymorphisms in genes related to alcohol metabolism are well
known to vary by ancestral populations. The frequencies of genetic
polymorphisms of alcohol metabolizing enzymes have been docu-
mented in the Japanese population. Considering the ADH1B gene,
frequencies of 5.7%, 35.4%, and 58.9% were detected for *1/*1,
*1/*2, and *2/*2, respectively; for the ALDH2 gene, the frequen-
cies were 56.8% for *1/*1, 36.7% for *1/*2, and 6.5% for *2/*2
(Sakaue et al., 2020). Our study results revealed frequency propor-
tions similar to those reported previously. Therefore, participants in
the current study reflect a general population of females in Japan.
Additionally, none of the mothers with homozygous deficiency
of ALDH2 reported drinking alcohol before or during pregnancy,
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suggesting the high validity of the alcohol consumption survey data
collected in the current study.

The ADH gene, which regulates alcohol metabolism, has garnered
attention owing to its role in the relationship between maternal alco-
hol consumption during pregnancy and the brain development of the
offspring. Reportedly, mothers carrying the ADH1B*1 homozygous
genotype have lower ADH activity, and prolonged fetal ethanol ex-
posure can lead to abnormal brain development (Popova et al., 2023).
Previous studies have primarily reported comparisons between moth-
ers with the ADH1B*1 and ADH1B*3 genotypes. Several studies have
reported that children of mothers with the ADH1B*1 homozygous
genotype face a higher risk of FASD than those with the ADH1B*3
genotype, whereas others have documented the exact opposite result
(Green & Stoler, 2007). A recent study involving children prenatally
exposed to high levels of alcohol reported no association between
ADH1B and CYP2E1 genetic polymorphisms and the risk of FASD
(Kukowka et al., 2023). Our results did not detect any effect of ADH1B
gene polymorphism on the association between maternal alcohol con-
sumption during pregnancy and developmental delay in offspring at
3years of age. Ninety-five percent of Japanese individuals carry the
ADH1B*2 allele. Therefore, it is speculated that the impact of ethanol
exposure on the fetus is smaller among Japanese individuals owing to
the rapid metabolism of acetaldehyde from ethanol.

To the best of our knowledge, the current study is the first to
demonstrate the impact of the maternal ALDH2*1/*2 genotype on
the association between maternal alcohol consumption during preg-
nancy and the increased risk of developmental delay at 3years of
age. The ALDH2*1/*2 genotype has 17% ALDH activity when com-
pared with the ALDH2*1/*1 genotype. Additionally, given that most
Japanese people carry the ADH1B*2 allele, which results in the rapid
metabolism of ethanol to acetaldehyde, a fetus of a mother carrying
ALDH2*1/*2 will experience longer acetaldehyde exposure follow-
ing maternal alcohol consumption during pregnancy. According to
in vitro experiments, exposure to acetaldehyde induced apoptosis in
rat embryos, affecting fetal development (Lee et al., 2005). Animal
studies have also highlighted the importance of maternal Aldh2
in safeguarding embryos from the genotoxic effects of aldehydes
(Oberbeck et al., 2014). However, the extent to which fetal acetal-
dehyde exposure contributes to neurodevelopmental delays in child-
hood remains poorly understood, necessitating further exploration
of the underlying molecular mechanisms.

The strength of this study lies in the use of a Japanese birth co-
hort to determine the relationship between maternal drinking during
pregnancy and child neurodevelopment with respect to ADH1B and
ALDH2 gene polymorphisms. Nevertheless, this study had some lim-
itations. First, there is a risk of underreporting because data on alco-
hol consumption were collected from self-reported questionnaires.
Second, owing to the small number of mothers who consumed alcohol
during pregnancy, the 95% Cls for the ORs were wide, and the pre-
cision of the estimates was not high. Additionally, the effects of the
amount and frequency of alcohol consumption could not be analyzed.
Therefore, further investigation with larger sample sizes is necessary
in the future. Third, in this study, the logistic regression analysis was
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conducted with reference to previous studies, and no corrections for
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multiple testing were applied to the five subdomains of the ASQ-3
(Avalos et al., 2020; Hirata et al., 2022; Motoki et al., 2022). Therefore,
the possibility of false positives in these results needs to be consid-
ered. Fourth, although our analyses were adjusted for confounding
factors identified by previous studies, such as maternal age, maternal
BMI, and breastfeeding when the child was 1year old, the possibility
of residual confounding cannot be eliminated. Given the small number
of cases in the outcomes, we were unable to adjust for numerous con-
founding factors. However, sensitivity analysis adding one additional
confounder (maternal smoking, household income, sex of the child,
and presence of siblings) yielded similar results. Fifth, in this study, the
number of mothers who consumed alcohol during pregnancy carry-
ing the ADH1B*1/ALDH2*2 polymorphism combination was limited
(Table S2), thus preventing the analysis of the combined effects of
ADH1B and ALDH2 genotypes. Sixth, the maternal blood samples used
for genome analysis were collected when the children were 8years of
age, which may have introduced selection bias as they were volunteers
who cooperated in an additional survey. Moreover, the influence of
alcohol metabolism-related gene polymorphisms in children could not

be evaluated.

CONCLUSIONS

Evenin the presence of a genotype with high alcohol metabolism activ-
ity, maternal drinking during pregnancy was linked to an increased risk
of communication delay in the offspring. Additionally, we found that
maternal alcohol consumption during pregnancy among those with the
ALDH2*1/*2 genotype increases the risk of developmental delay in all
domains of the J-ASQ-3 at 3years of age. Regardless of the alcohol me-
tabolism genotype, alcohol intake during pregnancy should be avoided
entirely to ensure the healthy development of the child. Additional lon-
gitudinal studies are necessary to elucidate the persistent effects of
maternal alcohol consumption on offspring development.
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