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Abstract

Alcohol use and dependence are strongly affected by variation in aldehyde dehydrogenase (ALDH2) and, to a lesser extent, alcohol dehy-
drogenase (ADH1B) genes. We use this genetic variation with an adoption design to test the causal role of alcohol use on other drug use,
as well as the moderating role of adoptive parent, sibling, and peer alcohol use. Longitudinal models were run on 412 genotyped adopted
individuals of East Asian ancestry withmultiple assessments between ages 14 and 40.We found robust associations between alcohol frequency,
quantity, and maximum drinks and ALDH2, but not ADH1B, status. The magnitude of the ALDH2 protective effect increased with age, par-
ticularly for maximum drinks, though estimates were smaller than previously reported in ancestrally similar individuals in East/North-East
Asian countries. These results suggest that sociocultural factors inMinnesota may reduce the protective effects of ALDH2. We found that peer
alcohol use, but not parent or sibling use, predicted adopted offspring’s use, and that these environmental influences did not vary by ALDH2
status. Finally, we did not find strong evidence of associations between ALDH2 status and tobacco, marijuana, or illegal drug use, contrary to
expectation if alcohol serves as a gateway to use of other drugs.
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Alcohol use is increasingly common in the United States. Nearly 86%
of individuals 18 and older report using alcohol at some point in their
lives, with approximately 55% reporting use in the previous month
(Substance Abuse and Mental Health Services Administration,
2020). By the end of high school, 59% of adolescents have reported
consuming at least one alcoholic drink (Johnston et al., 2020).
Alcohol use and problems are also heritable, with genetic variation
accounting for approximately 50% of the variance in alcohol depend-
ence (Verhulst et al., 2015). Similar heritability estimates (h2= 30 to
51%) have been found for other alcohol use behaviors like alcoholic
drinks per week andmaximum number of drinks (Grant et al., 2009).
The influence of genetic factors on alcohol use behaviors, estimated in
biometric studies of twin resemblance, appears to strengthen over
time, increasing in magnitude from early adolescence to young adult-
hood before stabilizing (Kendler et al., 2008). Thismirrors a decline in
the influence of shared environmental factors (i.e., those environmen-
tal factors that are shared by individuals reared in the same home),
from explaining approximately 40% of the variance in alcohol use
at age 14 to near zero by the mid-20’s.

Alcohol consumption also often co-occurs with use of other
substances, like tobacco (Agrawal & Lynskey, 2009; Conway
et al., 2017), marijuana (Vrieze et al., 2012), and other illegal drugs
(Kessler et al., 2005; Krueger, 2002). Phenotypic correlations
between symptom counts of alcohol, marijuana, and tobacco use

disorders in a longitudinal study from ages 14 to 29 ranged from
r= 0.24 to r= 0.61 (Vrieze et al., 2012). Correlations betweenmea-
sures of consumption are also similarly high across ages 14 to 40
(Zellers et al., 2022). These correlations declined in magnitude
across developmental age, suggesting that young individuals tend
to use substances broadly while older individuals show relatively
more preferences for one substance over another.

There are several proposed theories to account for substance
use comorbidity. For example, co-occurrence among multiple sub-
stances may be explained by an underlying externalizing factor that
accounts for the associations between these substances, often
termed the common liability model. In this case, a latent factor rep-
resents a general vulnerability to risk of substance use and develop-
ment of substance use disorders (Iacono et al., 2008; Krueger,
2002). Indeed, several studies have provided evidence that a latent
factor explains the majority of covariation between externalizing
behaviors like substance dependence, conduct disorder, and
ADHD (Hicks et al., 2004, 2013; Krueger, 2002). Moreover, this
general vulnerability to externalizing behaviors was found to be
highly heritable (h2= 0.80) (Hicks et al., 2004). Substance use
co-occurrence is also consistent with the idea that use of one sub-
stance causally influences risk for use of other substances (i.e., the
gateway hypothesis) (Kandel, 1975; Kandel & Kandel, 2015). In
this case, it may be that after an individual uses one drug, they seek
out other drugs from which to get a stronger high. The gateway
hypothesis explains both the co-occurrence of use of different sub-
stances and developmental sequencing of drug use, where users of
“hard” drugs (e.g., cocaine) almost always have first used other,
legal drugs (e.g., alcohol or tobacco) (Degenhardt et al., 2010).
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In general, evidence for the gateway hypothesis has been limited
and is often subject to methodological criticisms (Peele &
Brodsky, 1997; Vanyukov et al., 2012). The more recent literature
largely supports the common liability model, with consistent find-
ings across multiple studies and age ranges (Hicks et al., 2007;
Hicks BM et al., 2004; Krueger, 2002; van Leeuwen et al., 2011;
Vrieze et al., 2013).

The gateway hypothesis is based on the premise that use of one
drug causally influences use of others. One method for evaluating
evidence for causal effects in observational studies is through
Mendelian randomization. Mendelian randomization (MR) is a
method frequently employed in epidemiology that uses a genetic
variant(s) that is robustly associated with an exposure to evaluate
the association with outcome (Lawlor et al., 2008). In other words,
MR evaluates the relationship between genetic variants that are of
known function and strongly associated with an exposure (e.g.,
alcohol use), and an outcome of interest (e.g., illegal drug use).
MR takes advantage of the random assortment of genes during
meiosis which is analogous to the randomization process in ran-
domized control trials. In this way, MR offers a relatively strong
test of causal effects in observational data. Using genetic data as
a proxy for an environmental modifiable exposure like alcohol
use minimizes the likelihood that the observed exposure–outcome
association is due to unmeasured confounding and removes the
possibility of reverse causality (Smith & Ebrahim, 2008; Smith &
Hemani, 2014). Because genotypes are assigned randomly before
birth, they are unlikely to be associated with factors that may con-
found the relationship between alcohol and other drug use (e.g.,
socioeconomic status) and because genotype is unchangeable,
reverse causality is ruled out. If the gateway hypothesis is correct,
we would expect the genetic variant to be associated with both alco-
hol use exposure and the use of other substances. This would pro-
vide support for a causal effect of alcohol use on risk for other
substance use.

There are two genetic variants that have shown robust associ-
ations with alcohol use, and on which we focus in the present
paper: ALDH2 (rs671) and ADH1B (rs1229984) (Edenberg,
2007). Both variants influence alcohol consumption by affecting
the way alcohol is metabolized in the body. After alcohol is con-
sumed, alcohol dehydrogenase converts it into acetaldehyde.
Aldehyde dehydrogenase then oxidizes acetaldehyde into acetate,
which is ultimately cleared from the body. High concentrations of
acetaldehyde in the body lead to significant physical discomfort.
ADH1B acts to accelerate the conversion of alcohol to acetalde-
hyde, while ALDH2 slows the conversion into acetate. Both genes
cause a build-up of acetaldehyde in the body leading to severe dis-
comfort and have been robustly associated with reduced alcohol
consumption and dependence. The ALDH2*2 allele, which is
common only in populations of East/North-East Asian ancestry
and is well tagged by a single variant, has the largest effect on alco-
hol consumption. A single copy of this variant can affect the break-
down of alcohol enough to cause severe symptoms. ADH1B*2,
which is also common in these populations, has a weaker, but still
robust, association with alcohol consumption. The structure of the
ADH1B gene may bemore complex thanALDH2, being defined by
more than one genetic variant with weaker effects.

Much of the existing literature on the associations between
ALDH2 and ADH1B status and alcohol use are based on cross-sec-
tional designs, including several genome-wide association studies
(GWAS) of alcohol use and dependence. In a sample of Japanese
individuals, the effect size of the ALDH2 protective allele on drinks
per week was estimated at −0.43 standard deviation (SD) units

(Matoba et al., 2020). Other GWAS have estimated the effect of
variants within ADH1B on drinks per week between −0.07 and
−0.25 SD units (Brazel et al., 2019; Liu et al., 2019; Matoba
et al., 2020). The few studies of longitudinal associations between
these genetic variants and alcohol use patterns have found that the
protective effect of ALDH2*2 increases over developmental age
(Irons et al., 2012; Kim et al., 2010). Irons et al. (Irons et al.,
2012), using an earlier data freeze from the present study, found
that the association between ALDH2*2 and alcohol consumption
was negligible around age 15 but increased to moderate in effect
size by age 22. To our knowledge, there is one study of the longi-
tudinal effect of ADH1B status on alcohol use, finding an interac-
tion between gene status and age from early to mid-adolescence
such that those withADH1B*2 increased their alcohol use less than
those without (Cleveland et al., 2018). Increasing magnitudes of
association between ALDH2 and ADH1B variants and alcohol
use over time would be consistent with the observed pattern of
strengthening influence of genetic factors from adolescence to
adulthood (Kendler et al., 2008). This may be explained by a reduc-
tion in the influence of the shared environment as offspring leave
the rearing, parental home and begin to select their own environ-
ments, which itself may be partially influenced by genetic factors. It
is not yet clear whether the strength of association betweenALDH2
and ADH1B variants and alcohol use continues to increase beyond
early adulthood.

The effect of ALDH2 and ADH1B status on alcohol consump-
tion has also been found to vary in magnitude by environmental or
cultural factors. For example, among those with the ALDH2 and
ADH1B polymorphisms there is substantial variability in mean
alcohol intake levels within China (Millwood et al., 2019).
Despite having two copies of the ALDH2 protective allele (i.e.,
the same genotype; ALDH2*2), the mean alcohol intake differed
by a factor of 24 across geographic areas of China, illustrating cul-
tural effects on consumption patterns. The estimated magnitude of
association between ALDH2 status and alcoholic drinks per week
in East Asian populations has also been shown to vary by country.
Genetic effect sizes of ALDH2 are 2.5 times larger when estimated
in samples of East Asian individuals living in Japan (Matoba et al.,
2020) compared to samples of East Asian individuals living in the
United States (effect size of −0.43 in Japan versus −0.17 in the
United States) (Jorgenson et al., 2017). Because the ALDH2 variant
is only polymorphic in East Asian populations, the vast majority of
individuals in the United States, who are not of East Asian ancestry,
do not have this genotype. Thus, mean alcohol consumption is
higher in the United States compared to many East Asian coun-
tries, where the ALDH2 deficiency is common, though this differ-
ence is decreasing. It may be that the protective effect of ALDH2*2
(and potentially ADH1B*2) is weaker within cultures or environ-
ments like the United States with higher rates of alcohol consump-
tion. Indeed, Higuchi et al. (Higuchi et al., 1994) found that the
percentage of Japanese individuals suffering from alcoholism grew
from 2.5% to 13% from 1979 to 1992, mirroring cultural shifts in
alcohol consumption in Japan at that time. Environmental
influences within families and amongst peers may also moderate
the protective effects of ALDH2*2 and ADH1B*2. Previous
research has found that parent, sibling, and peer alcohol consump-
tion patterns predict continued use in those with the ALDH2 defi-
ciency (Irons et al., 2007, 2012; Luk et al., 2017; O’Shea et al., 2017).

The current study makes use of a unique longitudinal adoption
sample to extend the literature on the associations between
ALDH2/ADH1B and alcohol consumption from adolescence to
adulthood (ages 14 to 40) and to evaluate the causal relationship
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between alcohol exposure and other substance use outcomes. The
sample consists of individuals who were adopted as infants from
South Korea, primarily byWhite American adoptive parents living
in Minnesota. Thus, they are reared in homes with genetically
unrelated adoptive parents and siblings, allowing for exploration
of important environmental influences on alcohol use behaviors,
as well as adult outcomes hypothesized to be caused by alcohol
exposure. The adoption and MR design provide quasi-experimen-
tal controls for genetic confounding in typical observational and
family studies of closely related individuals. Our specific hypoth-
eses are

1. Individuals with ALDH2/ADH1B protective alleles will drink
less than those without and that this protective effect will
increase in magnitude with age.

2. Sibling and parent alcohol use will moderate the protective
effect of ALDH2*2/ADH1B*2 and that this moderating effect,
if present, will diminish with age. We made no explicit hypoth-
eses about the environmental moderation of peer alcohol use as
this was included based on reviewer feedback.

3. Alcohol use will not be associated with tobacco, marijuana, or
other drug use in Mendelian randomization tests with ALDH2/
ADH1B variants as instruments, inconsistent with the gateway
hypothesis.

Methods

Sample

The current sample was taken from theMinnesota Center for Twin
and Family Research (Wilson et al., 2019) Sibling Interaction and
Behavior Study (SIBS) which includes 409 adoptive families.
Adoptive families consisted of two genetically unrelated siblings
and their rearing parents. Families were ascertained through infant
placements at large, private adoption agencies in Minnesota.
Eligible adoptive families included those in which the adopted ado-
lescent was between the ages of 11 and 21 at the intake assessment,
was placed in the adoptive home before 2 years of age, and had an
adolescent sibling to which they were unrelated. While the sibling
could not be genetically related to the adopted child, they could be
genetically related to one or both of the parents, or could have also
been adopted and placed before the age of 2 years. A more com-
plete description of the SIBS sample is given elsewhere (McGue
et al., 2007). SIBS participants have been followed longitudinally
with up to four assessments. At the intake assessment, both parents
and offspring were assessed. The first follow-up, approximately 3.5
years after intake, included an assessment and collection of DNA
samples. The second and third follow-up assessments occurred
approximately 7 and 17 years after the intake assessment,
respectively.

The sample used in the current analysis was restricted to fam-
ilies with at least one offspring adopted from East/North-East Asia
who had also provided genetic data. This results in N= 412 East
Asian adopted participants, all of whom were born in South
Korea, from N= 259 families. Adopted offspring had a mean
age of 15.1 years (SD= 1.9 years) at intake, 18.3 years
(SD= 2.1) at the first follow-up, 22.3 years (SD= 1.8) at the second
follow-up, and 32.2 years (SD= 2.6) at the third follow-up.
Offspring data used in the present study were taken from the first,
second, and third follow-up assessments. Table 1 shows demo-
graphic information for adopted offspring. At the intake assess-
ment N = 239 mothers and N= 241 fathers reported their own
alcohol use. All adult participants gave informed consent, and

minor participants gave assent with their parents providing
consent.

Phenotypic measures

All substance use measures were collected using either the
Substance Abuse Module (SAM) (Robins et al., 1987) of the
Composite International Diagnostic Interview (CIDI) (Robins
LN et al., 1988) or the Computerized Substance Use
Questionnaire (CSU), depending on the age of the participant.

Alcohol-related outcomes
Quantitative alcohol-related measures, covering the time since the
prior assessment, included frequency of alcohol use (scored from
6 = every day to 1 = less than once per month), usual quantity of
alcohol use (measured as number of drinks), and maximum num-
ber of drinks in a 24-hour period. A single lifetime alcohol-related
measure included the age of first alcoholic drink without parental
permission. The physical effects of ALDH2 and ADH1B deficiency
are largely dependent on the amount of alcohol consumed, so the
protective effect of these genes may be greater for measures of con-
sumption than for frequency of use. For this reason, we included
multiple measures of alcohol-related behaviors that index different
aspects of consumption instead of creating a composite measure of
alcohol use. Sibling frequency and quantity of use were measured
in the same way as adopted offspring. At the intake assessment,
parents reported lifetime number of DSM-IV alcohol dependence
symptoms. We used the mid-parent mean symptom count as the
measure of parental alcohol problems. Peer alcohol use was mea-
sured at the first and second follow-up assessments and was based
on a single question of how many friends use alcohol (scored from
1 = none of my friends to 4 = all of my friends).

Other substance use outcomes
Lifetime binary measure of substance use included ever used
tobacco regularly, ever used marijuana before the age 22 assess-
ment, and ever used illegal drugs before the age 22 assessment.
Quantitative outcomes, covering the time since the prior assess-
ment, included number of cigarettes per day amongst regular
smokers, number of marijuana uses amongst ever users, and a
count of the number of illegal drug types used (e.g., cocaine, opi-
ates, amphetamines, etc.). Tobacco, marijuana, and drug use data
were taken only from the age 18 and age 22 assessments (follow-
ups 1 and 2).

Genotyping

Genotype data (obtained from offspring at the first follow-up
assessment) was used to identify relevant variants within the
ALDH2 (rs671; chromosome 12) and ADH1B (rs1229984;
chromosome 4) genes in adoptees. Participants were genotyped
on 527,829 single nucleotide polymorphism (SNP) markers using
Illumina’s Human660W-Quad array (Miller et al., 2012).
Genotypes were then imputed to 1000 Genomes using the
Michigan imputation server (Das et al., 2016). Both ALDH2 and
ADH1Bwere imputed with imputation qualities (expected squared
correlations) of r2= 0.48 and r2= 0.82, respectively, in N= 365
individuals. Despite the modest expected quality of the rs671 vari-
ant, the ALDH2 gene was also directly assayed in N= 354 individ-
uals of East Asian ancestry. Here, we use the directly assayed
genotype whenever available. The correlation between the directly
assayed ALDH2 genotype and the imputed ALDH2 genotype was
.89, suggesting the expected imputation quality calculated from the
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imputation procedure was downwardly biased. Further details on
how ALDH2 was assayed can be found in Irons et al. (Irons
et al., 2007).

The ALDH2 and ADH1B gene variants have three possible gen-
otypes: A/A, A/G, and G/G. In both, the A allele is associated with
the strongest protection against alcohol use problems. Because just
a single copy of each allele has been shown to be protective against
alcohol use (Luczak et al., 2006), genotypes for each variant were
dichotomized and coded as 1 for A/A homozygotes and A/G het-
erozygotes (e.g., ALDH2*1/*2 and ALDH2*2/*2) and 0 for G/G
homozygotes (e.g. ALDH2*1/*1).

Statistical analysis

To address the first hypothesis, regression models were used to
examine the associations between ALDH2 and ADH1B polymor-
phisms and alcohol-related outcomes with a focus on how the
effect sizes change from ages 14 to 40. Given the longitudinal
nature of the data, mixed effects models were fit that included
ALDH2 genotype, ADH1B genotype, sex, and age at assessment
(linear and quadratic terms) as fixed effects. These models also
included an interaction between genotype and age to test whether
the magnitude of the protective effects ofALDH2*2 andADH1B*2
changed significantly over development. All models included a
random intercept for each individual, to account for the correlated
family structure, and random slope for age.

To address the second hypothesis, we fit similar mixed effects
models adding predictors of parent, sibling, and peer alcohol use
and their interaction with ALDH2/ADH1B status. In this way we
evaluated whether parent, sibling, or peer alcohol use is associated
with an adoptee’s alcohol use and whether the magnitude of the
effects differs by genotype. Finally, to test whether ALDH2/
ADH1B status predicted tobacco, marijuana, and illegal drug use
(hypothesis 3), we used mixed effects models (with sex, age at
assessment, and genotype as fixed effects and random effects of

age and individual), with each of these substances as the outcome.
Given the multiple hypothesis tests performed here with correlated
outcome variables, we calculated the effective number of tests using
the correlations between substance-related outcomes (Derringer,
2018; Nyholt, 2004). This results in a corrected statistical signifi-
cance threshold of p< 0.005.

Results

Descriptive statistics

Among 412 East/North-East Asian adopted participants, 301
(73.1%) were G/G homozygotes for ALDH2, 9 (2.2%) were A/A
homozygotes, and 102 (24.8%) were heterozygotes. For ADH1B,
196 (53.7%) were G/G homozygotes, 26 (7.1%) were A/A homo-
zygotes, and 143 (39.2%) were heterozygotes. For both variants,
we combined those with at least one protective A allele (i.e., gen-
otypes of A/A and A/G) into a single group which was then com-
pared to those with G/G genotypes. This results in 111 individuals
(26.9%) with at least one copy of the ALDH2 A allele (i.e.,
ALDH2*2/*2 or ALDH2*1/*2) and 169 (46%) with at least one
ADH1B A allele (i.e., ADH1B*2/*2 or ADH1B *1/*2).

Table 1 reports descriptive statistics of the full sample including
comparisons between those with and without ALDH2 and ADH1B
protective alleles and indicates that those with the protective gen-
otypes did not differ from those without in gender, age at follow-
up, or family member alcohol use. Approximately 62% of the sam-
ple is female with no difference in proportions by genotype group.
The large proportion of females reflects the gender imbalance of
children adopted from East Asia at the time. The effects of sample
attrition were evaluated by comparing participants and nonpartici-
pants at a given assessment with their responses at the previous
assessment. In general, we found no differences in alcohol or other
substance-related outcomes between follow-up 2 participants and
nonparticipants at their prior assessment (follow-up 1) or between
follow-up 3 participants and nonparticipants at the prior follow-up
2 assessment. The single exception to this was for differences in
usual alcohol quantity at both follow-up 1 and follow-up 2 assess-
ments. Those who completed the follow-up 1 assessment, but not
the second follow-up, had higher levels of usual alcohol quantity
than those who participated at both assessments (standardized
mean difference of 0.82, p= 0.04).While this is a large mean differ-
ence, we note that there were only N= 13 individuals who partici-
pated in the first, but not second, follow-up assessment. Those who
completed the follow-up 2 assessment, but not the third follow-up,
had higher levels of usual alcohol quantity than those who partici-
pated at both assessments (standardized mean difference of
0.28, p= 0.02).

ALDH2/ADH1B associations with alcohol use

Figure 1 shows the observed patterns of alcohol frequency, usual
quantity, and maximum drinks from ages 14 to 40 for the full sam-
ple and split by ALDH2 status. In general, alcohol consumption
and frequency increased across adolescence, peaking in the early
20’s, before stabilizing or declining slightly through age 40. We
did not find an association with age at first alcohol drink and either
ALDH2 or ADH1B status (p-values of 0.76 and 0.72, respectively).
This is expected given that an individual may not know their
ALDH2/ADH1B status prior to first initiating alcohol use.
Longitudinal models showed significant associations between
ALDH2*2, but not ADH1B*2, with alcohol-related outcomes
(shown in Table 2). Interactions between ALDH2 genotype and

Table 1. Sample characteristics of East/North-East Asian adoptive offspring

Full sample Group comparison by genotype

N M (SD) ALDH2 (p-value) ADH1B (p-value)

Female (%) 412 61.7 .25 .87

Age

Follow-up 1 405 18.3 (2.1) .55 .96

Follow-up 2 392 22.3 (1.8) .30 .86

Follow-up 3 247 32.2 (2.6) .49 .71

Familial/peer alcohol use

Mid-parent
dependence
symptoms

383 .43 (0.8) .19 .69

Sibling
frequency

389 2.8 (1.0) .95 .46

Sibling quantity 387 3.8 (2.8) .72 .90

Peer use 411 2.7 (0.6) .24 .94

Note. Both ALDH2 and ADH1B groups include those with at least one copy of the protective A
allele. Comparisons of means (or proportions) were made within genotype (e.g., comparison
of means between those with at least one ALDH2 protective allele and those without) and
were based on a t statistic for continuous variables or χ2 statistic for binary variables. Parents
reported lifetime DSM-IV alcohol dependence symptoms at the intake assessment. Sibling
alcohol quantity and frequency was defined as the mean across all available assessments.
Peer use was based on a single question of howmany friends use alcohol on an ordinal scale
from 1 = none to 4 = all. M = mean; SD = standard deviation.
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age were all in the expected direction, though this effect was only
significant for maximum drinks (p-value= 0.0047). These results
indicate that while we find evidence for increasing effect size esti-
mates across age the magnitude of this change is too small to detect
at conventional levels of statistical significance in this sample.

Environmental influence of parent/sibling/peer alcohol use

Next, we evaluated the environmental influences of family and peer
alcohol use on adoptee’s own drinking behaviors and whether this
effect differed by genotype. Because we did not find evidence for
associations between ADH1B and alcohol-related outcomes, we
focus here only on ALDH2. For each alcohol outcome, we fit sep-
arate models with sibling frequency of alcohol use, sibling usual
quantity of alcohol use, mid-parent number of alcohol dependence
symptoms, and peer use as predictors, along with an interaction
between each predictor and adoptee ALDH2 status. Sibling alcohol
frequency and quantity were defined as the mean across all avail-
able follow-up assessments, while parental alcohol dependence
symptoms were reported lifetime. Peer alcohol use was indexed
by a single question at the adoptee’s age 18 and 22 assessments.
Full results are reported in Table 3.While nearly all estimatedmain
effects of parent and sibling use were in the expected positive direc-
tion, only one estimate (the association between sibling usual alco-
hol quantity and adoptee’s usual alcohol quantity) was significantly
different from zero based on the corrected significance threshold of
0.005. Peer alcohol use was significantly associated with all mea-
sures of adoptee alcohol use, showing the largest effect sizes.
None of the interactions between parent, sibling, or peer use
and adoptee ALDH2 status were significantly different from zero.
This suggests evidence for environmental moderation of alcohol

use through peer, but not familial, alcohol use and that these envi-
ronmental effects do not differ as a function of ALDH2 status.

ALDH2 associations with other substance use

The associations between ALDH2 status and other substance use
outcomes are shown in Table 4. We again focus only on
ALDH2 given the lack of association between ADH1B and alcohol
use measures in the current sample. There is minimal evidence for
an association between ALDH2 status and any tobacco, marijuana,
or illegal drug use measures. Associations with marijuana and ille-
gal drug use were in the expected direction but effect sizes were
small in magnitude, and all p-values were greater than 0.13. We
note that sample sizes for the binary measures of substance use
are substantially lower than for continuous measures because they
are lifetime and not repeated measures.

Discussion

The current study extends the existing literature on the longi-
tudinal protective effects of ALDH2 and ADH1B gene variants.
Using a unique adoption sample we evaluated whether parent, sib-
ling, or peer alcohol use was associated with alcohol use behaviors
and whether this effect differed by ALDH2/ADH1B status. This
allowed for testing of some environmental effects on alcohol use
unconfounded by genetic factors. We additionally evaluated the
associations between ALDH2 status and tobacco, marijuana, and
illegal drug use in a test of the gateway hypothesis.

Across the full sample, we observed expected developmental
patterns of alcohol use such that alcohol consumption and fre-
quency increased across adolescence, peaking in the early 20’s,
before stabilizing or declining slightly through the early 30’s

Figure 1. Plot of alcohol-related outcomes across age for the full sample and split by ALDH2 status. Loess curves were added to graphically display the relationship between
alcohol behaviors and age by genotype. Confidence intervals around the loess lines were removed for clarity. Points are colored by genotype where orange indicates those with G/
G genotype (ALDH2*1/*1) and blue indicates those with the protective A/A or A/G genotype (ALDH2*1/*2 or ALDH2*2/*2).

Table 2. Associations between ALDH2/ADH1B status and alcohol-related outcomes

N

ALDH2 ALDH2 × Age ADH1B ADH1B × Age

β (SE) p-value β (SE) p-value β (SE) p-value β (SE) p-value

Alcohol frequency 786 −.14 (.06) .0002* −.04 (.04) .29 −.06 (.04) .11 .01 (.05) .84

Usual quantitya 766 −.13 (.04) .0006* −.02 (.03) .53 −.03 (.04) .46 .04 (.04) .28

Max drinksa 786 −.19 (.04) <.0001* −.10 (.03) .0047* −.05 (.05) .22 .002 (.04) .96

Note. Allmodels included genotype, sex, age at assessment (linear and quadratic term), and a genotype× age interaction as fixed effects alongwith random intercept per individual and slope for
age. For both ALDH2 and ADH1B, genotypes of A/A or A/G (i.e., at least one protective allele) are coded as 1. β = standardized coefficient; SE = standard error; adenotes variables that were log
transformed prior to analysis; *denotes p-values below the corrected threshold of 0.005.
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(Figure 1) (Saunders et al., 2016). Longitudinal models found
robust associations between ALDH2 status and all measures of
alcohol use except age of alcohol initiation. Given that the adopted
individuals in this sample are raised by White American parents,
who themselves would not have the ALDH2 polymorphism, they
would likely have limited information on their own ALDH2 status
prior to initiating alcohol use. This is consistent with prior studies
finding no association between ALDH2 status and alcohol initia-
tion or age at first intoxication (Irons et al., 2007; Wall et al.,
2001). Results for all other alcohol-related outcomes showed that
while those with and without the ALDH2 polymorphism showed
increases in alcohol consumption and frequency from adolescence
through early adulthood, those with ALDH2*2 protection had
lower mean levels of consumption through age 40 than those with-
out. Contrary to much of the existing literature we did not find evi-
dence for significant associations between ADH1B*2 and any of
the alcohol-related phenotypes. The effect size estimates found
here were generally lower than what has been previously reported
(Liu et al., 2019; Matoba et al., 2020) but were in the expected
direction.

Results showed an increasing protective effect of ALDH2*2
against heavy alcohol consumption across developmental age,

evidenced by interaction estimates in the negative direction.
This is largely consistent with findings from other studies (Irons
et al., 2012; Kim et al., 2010) and extends the existing literature
by covering a much wider age well into adulthood. This effect
was particularly pronounced for maximum number of drinks
where we found a significant association between ALDH2 status
and age such that the protective effect of this variant increased over
time. For other alcohol-related measures , the effect size of this
interaction was relatively small. While in the expected direction,
it may be that the current study is underpowered to detect such
subtle interaction effects.

Effect sizes of ALDH2*2 found here were similar in magnitude
to previous studies of East Asian ancestry Americans (Jorgenson
et al., 2017). That these estimates are smaller than those found
in individuals living in East Asian countries supports the idea that
sociocultural factors reduce the protective effects of ALDH2*2 in a
form of gene–environment interaction. This is further bolstered by
observed differences in GWAS effect sizes estimates between a
Japanese sample (Matoba et al., 2020) and a sample of nonadopted
American individuals of East Asian ancestry (Jorgenson et al.,
2017), as well as findings that the proportion of alcoholic
ALDH2-deficient individuals has increased over time (Higuchi
et al., 1994). This environmental effect may also explain the lack
of association between our alcohol phenotypes and ADH1B status.
Similar to ALDH2*2, the effect of ADH1B*2 may be reduced in
cultures in which alcohol use is prevalent. Indeed, the association
between ADH1B status and alcohol dependence has been found to
differ in magnitude between Europeans and East Asians
(Whitfield, 2002). Because the current sample is composed of
East Asian ancestry individuals raised in the United States, the
association between ADH1B status and alcohol use may be small
in magnitude.

Beyond sociocultural effects, prior work has suggested potential
environmental moderation of parent, sibling, or peer alcohol use
on offspring’s own consumption patterns. In the current sample,
many individuals with the ALDH2 polymorphism, who likely
experience significant physical discomfort after consuming alco-
hol, continue to drink frequently and, in some cases, heavily.
We tested whether familial and peer alcohol use was associated
with alcohol-related outcomes and whether these effects varied
by ALDH2 genotype. Because the current study is based on an
adoption sample, parents and siblings are not genetically related
to the adopted offspring. Thus, an association between parent or
sibling alcohol use with adoptee alcohol use implies an

Table 3. Associations between parent, sibling, and peer alcohol use and alcohol-related outcomes.

Sibling alcohol frequency
N= 809–830

Sibling alcohol quantity N= 804–
825

Mid-parent alcohol dependence
symptoms N= 783–800 Peer alcohol use N= 600–606

Main effect Interaction Main effect Interaction Main effect Interaction Main effect Interaction

β (SE)
p-

value β (SE)
p-

value β (SE)
p-

value β (SE)
p-

value β (SE)
p-

value β (SE)
p-

value β (SE)
p-

value β (SE)
p-

value

Alcohol
frequency

.07 (.04) .09 −.02 (.11) .84 .06 (.04) .15 −.10 (.06) .10 .01 (.04) .79 .004 (.04) .92 .22 (.04) <.001* −.01 (.12) .92

Usual
quantitya

.09 (.04) .02 .07 (.11) .55 .15 (.04) .0003* −.02 (.07) .78 .03 (.04) .49 .09 (.05) .06 .25 (.04) <.001* .13 (.13) .33

Maximum
drinksa

.08 (.04) .07 .04 (.12) .73 .08 (.04) .05 .00 (.07) .96 −.01 (.04) .79 .04 (.05) .34 .30 (.04) <.001* .02 (.13) .85

Note. All models included ALDH2 status, sex, age at assessment (linear and quadratic term), and an ALDH2 status × sibling, parent, or peer alcohol use interaction as fixed effects along with
random intercept per individual and slope for age. β= standardized coefficient; SE= standard error; adenotes variables that were log transformed prior to analysis; *denotes p-values below the
corrected threshold of 0.005.

Table 4. Associations between ALDH2 status and other substance-related
outcomes*.

N

ALDH2

β/OR SE p-value

Binary measures

Ever regular smoker 320 0.98 0.32 0.95

Marijuana ever 357 0.66 0.18 0.13

Illegal drug ever 162 0.61 0.28 0.29

Continuous measures

Cigarettes per daya 698 −0.05 0.06 0.41

Marijuana usesa 704 0.06 0.08 0.28

Illegal drug classes 284 0.02 0.09 0.86

Note. All models included ALDH2 genotype, sex, age at assessment (linear and quadratic term;
or year of birth for lifetime measures) as fixed effects along with random intercept per
individual and slope for age. ALDH2 genotypes of A/A or A/G (i.e., at least one protective allele)
are coded as 1. β = standardized coefficient; OR = odds ratios; SE = standard error; adenotes
variables that were log transformed prior to analysis; *denotes p-values below the corrected
threshold of 0.005.
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environmental effect unconfounded by passive gene–environment
correlation. Findings from the current study found strong effects of
peer, but not parent or sibling, alcohol use. There was no evidence
for significant interactions of these effects with adoptee genotype.
This is generally consistent with prior work finding that close peer
alcohol use is associated with alcohol use in those with and without
ALDH2*2 (Luk et al., 2017; O’Shea et al., 2017) though we do not
find evidence that the associations differ in magnitude by ALDH2
status as has been identified elsewhere (O’Shea et al., 2017). Our
results are generally inconsistent, however, with the existing liter-
ature finding evidence for parental and sibling effects in both adop-
tive and nonadoptive families (Irons et al., 2007, 2012; McGue
et al., 2014; Samek et al., 2018; Saunders et al., 2016). This disagree-
ment may be due to different measures of parental use (i.e., alcohol
consumption versus dependence symptoms) or would be more
consistent if measures of familial alcohol use were more temporally
linked to adoptee use (i.e., parent and sibling alcohol use was mea-
sured at the same time as adoptee use).

Finally, using a Mendelian randomization framework, we
evaluated the association between ALDH2 status and several
tobacco, marijuana, and illegal drug use behaviors. The association
between ALDH2 status and marijuana and illegal drug initiation
was consistent with the gateway effect, although not significant,
and there was little evidence of association between ALDH2 status
and levels of use of marijuana and other substances. Taken
together, this is generally inconsistent with the gateway hypothesis
(Kandel & Kandel, 2015), suggesting that co-morbidity of sub-
stance use may be better explained in some other way, possibly
by an underlying vulnerability to broad substance use and other
externalizing behaviors. The recent literature largely supports
the existence of a latent externalizing factor, with evidence in favor
found across multiple studies and age ranges (Hicks et al., 2007;
Hicks BM et al., 2004; Krueger, 2002; van Leeuwen et al., 2011;
Vrieze et al., 2013). Evidence for the gateway hypothesis, in con-
trast, is limited and hindered by methodological concerns (Peele
& Brodsky, 1997; Vanyukov et al., 2012). We do note, however,
that odds ratios for the ALDH2*2 effect on ever used marijuana
or illegal drugs were 0.66 and 0.61, respectively, which, if robust
and replicable, would be consistent with a gateway effect for initia-
tion of use. While not significantly different from 1 here, larger
sample sizes may lead to greater precision in effect size estimates.
Understanding substance use comorbidity and reasons for their
co-occurrence is important for informing prevention efforts. If it
was the case that alcohol use causally influences risk for illegal drug
use, then prevention efforts aimed at reducing alcohol consump-
tion would also lead to reductions in illegal drug use. That we
do not find strong evidence in support of causal effects of alcohol
use on tobacco, marijuana, or illegal drug use suggests that efforts
to prevent or reduce alcohol use may not lead to significant reduc-
tions in other drug use.

The results of the current study should be interpreted in the
context of several limitations. The alcohol and other substance
use measures included here are limited to normative substance
use behaviors. We included a variety of measures that indexed ini-
tiation, quantity, and frequency of use but did not include mea-
sures of problematic use like dependence symptoms. Similarly,
inclusion of broader familial environmental influences (i.e., other
parent and sibling alcohol use measures) would provide additional
information about potential moderating effects. For example,
parental and sibling alcohol use, in the current study, was mea-
sured lifetime or averaged over assessments instead of at the same
time as the adopted offspring. More temporally relevant measures

of familial use may show stronger effects. Lastly, while our sample
is uniquely informative in several ways, we note the modest sample
size (N= 412) of individuals with ALDH2/ADH1B genotype data.
This, coupled with smaller than expected effects sizes particularly
in the case of ADH1B, may have led to somewhat underpowered
analyses. Power analysis based on mixed effects models with a
longitudinal sample size of N= 786, which is roughly the observed
sample size and structure (see Table 2), and an alpha of 0.05 shows
that we have 80% power to detect genetic effect sizes as small as
−0.10 SD units in the outcome variable. It may be the case that
we are insufficiently powered to detect small effects of ADH1B sta-
tus on alcohol-related behaviors or of ALDH2 on other substances
of abuse.

In sum, the current study, based on a unique sample of East
Asian adoptees, extended the existing literature describing the pro-
tective effects of ALDH2*2 and ADH1B*2 from adolescence to
mid-adulthood. These findings support the idea that while the pro-
tective effect of ALDH2*2 increases over development, the overall
effects of bothALDH2*2 andADH1B*2may be diminished in cul-
tures like the United States where alcohol use is prevalent com-
pared to cultures of East Asian countries in which the ALDH2
polymorphism is common and alcohol use is generally lower.
We found evidence that environmental influences of peer, but
not parent or sibling, alcohol use significantly predicted offspring’s
own alcohol use. These environmental effects did not vary by
ALDH2 status. This suggests that peer behaviors may be important
for explaining alcohol use to a greater extent than familial use and
that the influence of peer use operates similarly in those with and
without ALDH2 deficiency. We also do not find evidence for a
potentially causal association between alcohol and tobacco, mari-
juana, or illegal drug use, which is largely inconsistent with the
gateway hypothesis of drug use and provides important informa-
tion for informing prevention efforts.
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