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To identify novel traits associated with alleles known to predispose to alcohol and nicotine use, we conducted a phenome-wide association
study (PheWAS) in a large multi-population cohort. We investigated 7688 African-Americans, 1133 Asian-Americans, 14 081 European-
Americans, and 3492 Hispanic-Americans from the Women’s Health Initiative, analyzing alleles at the CHRNA3–CHRNA5 locus, ADH1B,
and ALDH2 with respect to phenotypic traits related to anthropometric characteristics, dietary habits, social status, psychological traits,
reproductive history, health conditions, and nicotine/alcohol use. In ADH1B trans-population meta-analysis and population-specific analysis,
we replicated prior associations with drinking behaviors and identified multiple novel phenome-wide significant and suggestive findings
related to psychological traits, socioeconomic status, vascular/metabolic conditions, and reproductive health. We then applied Bayesian
network learning algorithms to provide insight into the causative relationships of the novel ADH1B associations: ADH1B appears to affect
phenotypic traits via both alcohol-mediated and alcohol-independent effects. In an independent sample of 2379 subjects, we also
replicated the novel ADH1B associations related to socioeconomic status (household gross income and highest grade finished in school).
For CHRNA3–CHRNA5 risk alleles, we replicated association with smoking behaviors, lung cancer, and asthma. There were also novel
suggestive CHRNA3–CHRNA5 findings with respect to high-cholesterol-medication use and distrustful attitude. In conclusion, the genetics
of alcohol and tobacco use potentially has broader implications on physical and mental health than is currently recognized. In particular,
ADH1B may be a gene relevant for the human phenome via both alcohol metabolism-related mechanisms and other alcohol metabolism-
independent mechanisms.
Neuropsychopharmacology (2016) 41, 2688–2696; doi:10.1038/npp.2016.72; published online 8 June 2016
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INTRODUCTION

Susceptibility to use and abuse of tobacco and alcohol is
genetically influenced (Treur et al, 2014; Wu et al, 2014).
Numerous genetic studies, including genome-wide associa-
tion studies (GWAS), have examined smoking and drinking
behaviors, and certain risk/protective alleles have been
identified and validated (The Tobacco and Genetics
Consortium, 2010; Gelernter et al, 2014; Gelernter et al,
2015; Buhler et al, 2015). The best replicated loci for drinking
behaviors map to genes encoding alcohol-metabolizing
enzymes. Minor alleles at ADH1B (ie, rs1229984 and
rs2066702) are associated with lower levels of drinking
(Xu et al, 2015). Consistent with the genetic associations,
these variants increase the alcohol oxidization rate, raising
acetaldehyde levels and its related aversive symptoms,
including facial flushing, nausea, headache, and tachycardia
(Edenberg, 2007). Similarly, ALDH rs672 is negatively

associated with alcohol use behaviors in Asian populations
(this variant is very rare or absent in non-Asian populations)
(Quillen et al, 2014) and it causes a complete or near-
complete lack of acetaldehyde metabolism activity via this
pathway (Peng et al, 2014), producing an accumulation of
acetaldehyde and consequently its aversive symptoms. It is
also recognized that the ADH1B locus is under strong
selection in East Asians and a recent study hypothesized an
independent evolution of the same locus also in Europeans
(Galinsky et al, 2016). For smoking behaviors, the most
recognized risk locus is the CHRNA3–CHRNA5–CHRNB4
gene cluster, and risk alleles in this region (rs8034191,
rs1051730, rs12914385, rs2036527, and rs16969968) are
associated with smoking behaviors including nicotine
dependence and smoking quantity (The Tobacco and
Genetics Consortium, 2010; David et al, 2012). On the
molecular level, these genetic variants are associated with
functional alterations in subunits of nicotinic acetylcholine
receptors, reducing their activity and the aversive effects of
nicotine (Wen et al, 2016).
As both drinking and smoking behaviors are strongly

associated with numerous health consequences, many
studies have sought to link genes implicated in risk for
smoking and drinking behaviors to the adverse health
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consequences of these behaviors, obtaining consistent results
(Druesne-Pecollo et al, 2009; Li et al, 2011, 2012; Chen et al,
2015; Hallden et al, 2015). However, owing to the potent
effects that nicotine, alcohol, and their metabolites have on
the human body (Guo and Ren, 2010; Drug Therapeutics
Bulletin, 2014), smoking and drinking behaviors and their
associated genes (with large effects on nicotine response and
acetaldehyde metabolism, respectively) might be involved
in a much wider range of health conditions and human
behaviors than is currently recognized. Phenome-wide
association studies (PheWAS) are a powerful approach to
discover novel phenotypic associations of loci previously
identified (Denny et al, 2013). Thus, we performed a
PheWAS for alleles related to risk for alcohol and nicotine
use for a range of physical and mental health traits. We
applied this approach to a large multi-ethnic sample of
26 394 subjects from the Women’s Health Initiative (WHI)
cohorts. The WHI is a major research program designed to
address the most common causes of death, disability, and
poor quality of life in postmenopausal women (The
Women's Health Initiative Study Group, 1998). The WHI
subjects were recruited for three clinical trials and one
observational study. There are well-known sex differences in
smoking and drinking behaviors and their consequences
(Pandeya et al, 2013; Cosgrove et al, 2014; White et al, 2015),
and the current study provided novel important data
regarding the role of alcohol and tobacco use and their
genetics in women’s health.

MATERIALS AND METHODS

Study Population

The data sets used for the analyses were obtained, after
authorized access, from the National Center for Biotechnol-
ogy Information (NCBI) database of Genotypes and
Phenotypes (dbGaP; available at http://www.ncbi.nlm.nih.
gov/gap) through dbGaP accession numbers: phs000200.v9.
p3 for the WHI Clinical Trial (CT) and Observational Study
(OS) (The Women's Health Initiative Study Group, 1998);
phs000386.v5.p3 for the WHI SNP Health Association
Resource (SHARe) (Hutter et al, 2011); and phs000227.v2.p3
for the Population Architecture using Genomics and Epide-
miology (PAGE) WHI (Spencer et al, 2013). Phenotypic data
were extracted from the WHI CT and OS (phs000200.v9.p3)
that is the top-level WHI study in dbGaP and includes the
phenotypic information for all dbGaPWHI cohorts. Genotype
data were extracted from WHI SHARe (phs000386.v5.p3) and
PAGE WHI (phs000227.v2.p3). The WHI SHARe is part of
the SHARe project, funded by the National Heart Lung and
Blood Institute (NHLBI). The PAGEWHI is part of the PAGE
project, funded by National Human Genome Research
Institute (NHGRI). All dbGaP data set versions used in the
current study are past their embargo periods.

Phenotypic Data

Phenotypic information available in the WHI CT and OS
(phs000200.v9.p3) are available in multiple dbGaP documents.
We extracted phenotypic data from the following documents:
Breast Cancer Outcome (dbGaP ID: phd004164), Cancer
Outcome (dbGaP ID: phd004167), Daily Life (dbGaP ID:

phd002002), ECG results (dbGaP ID: phd003370, phd002025,
phd003233), Eligibility Screening (dbGaP ID: phd001995),
Food Frequency Questionnaire (dbGaP ID: phd003368,
phd003177), Medical History (dbGaP ID: phd001996), OS
Questionnaire Screening (dbGaP ID: phd002006, phd002009),
Personal Habits (dbGaP ID: phd003176, phd002000), Personal
Information (dbGaP ID: phd001994, phd002004), Physical
Measurements (dbGaP ID: phd002014), Reproductive History
(dbGaP ID: phd003174), and Thoughts and Feelings
(dbGaP ID: phd002001). These dbGaP documents include
2183 items.
These phenotypic data were reviewed manually, and traits

with low variation across individuals were excluded from
further analysis. Quantitative traits were normalized using
appropriate Box-Cox power transformations before being
entered in the analysis. Quantitative traits with non-normal
distribution after Box-Cox transformation were excluded.
The final list of phenotypes entered in the PheWAS included
360 traits related to 12 main categories: Anthropometric
traits, Cancer, Cardiovascular Health, Dietary Habits, Drink-
ing Behaviors, Gastrointestinal Health, General Health,
Physical Activity, Psychological Traits, Reproductive Health,
Smoking Behaviors, and Socioeconomic Status. Details regard-
ing the demographics and phenotypes extracted from dbGaP
are available in Supplementary Tables 1 and 2. An additional
sample of 2379 EUR subjects was used to replicate the findings
of ADH1B rs1229984 (because this variant generated the
most relevant results in the PheWAS conducted). Detailed
information about phenotyping and genotyping procedures
for the replication cohort are described in our previous GWAS
of alcohol- and substance-dependence traits (Gelernter et al,
2014; Gelernter et al, 2015).

Genotype Data

For our PheWAS, we investigated two ADH1B variants
(rs1229984 and rs2066702) and ALDH2 (rs671); and variants
mapped to the CHRNA3–CHRNA5–CHRNB4 gene cluster
locus (rs8034191, rs1051730, rs12914385, rs2036527, and
rs16969968). We chose these variants on the basis of
numerous GWAS (Gelernter et al, 2014; Xu et al, 2015)
and candidate-locus studies (Sherva et al, 2010; Hart et al,
2015; Jensen et al, 2015), and a recent meta-analysis of
genetic studies of nicotine and alcohol traits (Buhler et al,
2015) and GWAS performed previously in different popula-
tion groups (David et al, 2012; Gelernter et al, 2014).
Genotype information was extracted from WHI SHARe

(phs000386.v5.p3) and PAGE WHI (phs000227.v2.p3).
The WHI SHARe includes mainly African-American and
Hispanic women. For this cohort, genetic data were obtained
using the Affymetrix 6.0 platform. To characterize genetic
ancestry and ethnicity, we conducted a principal component
analysis using flashpca software (Abraham and Inouye, 2014)
and the WHI SHARe genome-wide data set pruned for
linkage disequilibrium (r2480%). We also imputed the
variants that were missing from the Affymetrix array using
SHAPEIT(Delaneau et al, 2012) for pre-phasing, IMPUTE2
(Howie et al, 2011) for imputation, and the 1000 Genomes
Project Phase 3 (1000 Genomes Project Consortium et al,
2015) as the reference panel. We derived best-guess
genotypes for each individual where the genotype probability
was greater than 0.8.
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The PAGE WHI mainly includes women of European
descent. For this cohort, genetic data were generated using
Illumina BeadXpress. The custom Illumina BeadXpress
arrays covered 685 markers, but with great variation in
genotyping completeness across individuals. Accordingly,
genotype information was obtained only from the BeadX-
press data. As no genome-wide information is available for
the PAGE WHI sample, self-reported ancestry and ethnicity
were used to stratify the sample. Self-reported information
about ancestry and ethnicity (as opposed genetically defined
values) is not the best approach to adjust population
stratification in genetic studies. However, approximately 30
previous studies successfully conducted genetic investiga-
tions on the PAGE WHI cohort using approaches similar to
the one applied in the current analysis (Kocarnik et al, 2015).
For the African (AFR), Asian (ASN), and European (EUR)
ancestry groups, we included those subjects who reported
one of these ancestries (Supplementary Table 1) and
excluded those with multiple self-reported ancestries.
Because the genetic background of the Hispanic population
group (HISP) is an admixture primarily of African,
European, and Native American ancestries (Gravel et al,
2013), we included subjects who reported Hispanic ethnicity,
but used both the AFR and EUR descents as covariates in the
genetic analysis. Other population groups were excluded
owing to low numbers. Because three variants among those
selected for the PheWAS were not genotyped in the PAGE
WHI cohort—ADH1B rs2066702, CHRNA5 rs12914385, and
CHRNA5 rs2036527—they could not be analyzed in PAGE
WHI subjects.
After quality control, the final WHI study population

consisted of 26 394 women, including 7688 AFR, 1133 ASN,
14 081 EUR, and 3492 HISP subjects. Details regarding the
distribution of ancestry and genotype information in the
final sample across WHI cohorts are reported in
Supplementary Tables 3 and 4.

Statistical Analysis

Plink 1.07 (Purcell et al, 2007) was used to implement logistic
and linear regression analyses to calculate the association
between genetic variants and phenotypic traits (binary and
quantitative, respectively). The association analysis was
stratified by population (AFR, ASN, EUR, and HISP). We
considered different covariate sets, depending in part on the
available genotype data: age, age-squared, and the first 10
ancestry principal components for the WHI SHARe cohort;
age and age-squared for the AFR, ASN, and EUR samples of
the PAGE WHI cohort; and age, age-squared, AFR, and EUR
for the HISP sample of the PAGE WHI cohort. A trans-
population meta-analysis was conducted using the program
METAL (Willer et al, 2010). We applied a Bonferroni-based
threshold for multiple testing correction based on the
360 traits and 8 genetic markers studied (= 2880 tests):
p-value o1.74*10− 5 (phenome-wide significance, PWS) and
p-valueo1.74*10− 4 (suggestive significance). Bonferroni
correction considers the number of independent tests
conducted; the correlation among the traits investigated
would thus have permitted us to apply a less stringent
criterion because the number of independent tests was less,
effectively, than the total number conducted. However, we
decided to apply the more stringent approach to present only

the most reliable results. To verify further the statistical
significance of our method empirically, a permutation
analysis was also conducted to verify the results of ADH1B
rs1229984 in the EUR sample (because this variant generated
the PheWAS results with strongest statistical significance).
We performed 1000 permutations of ADH1B rs1229984
genotypes in the EUR sample and tested their association
with the 360 phenotypic traits (360 000 randomly permu-
tated tests). To help understand the causative relationship
of the novel phenotype associations related to ADH1B
rs1229984, we performed a causative model analysis based
on Bayesian networks. Specifically, we used the R package
bnlearn (Scutari, 2010), applying the hill-climbing learning
algorithm, and determined the 'best' causative network
considering the BIC (Bayesian information criterion) score.
For the replication sample, we tested the association of
ADH1B rs1229984 with some of the traits that were PWS or
suggestive evidences in the WHI sample, adjusting the
analysis for age, age-squared, cocaine dependence, cannabis
dependence, opioid dependence, and the first 10 ancestry
principal components.
Supplementary Figure 1 shows the results of a power

analysis to estimate the minimal detectable effects consider-
ing the total sample size of WHI data sets (N= 26 394) and
the phenome-wide significant threshold (p= 1.74*10− 5)
under different scenarios. The calculations were performed
using QUANTO software (available at http://biostats.usc.
edu/Quanto.html).

RESULTS

We identified several novel phenotypic associations, and
replicated previously known genetic associations in both
the population-specific analyses and the trans-population
meta-analysis. The PheWAS results of the trans-population
meta-analysis are summarized in the Manhattan plot
(Figure 1).
The most interesting findings were for ADH1B rs1229984

(Figure 2; Supplementary Table 5). As expected, the minor
allele—known to encode a protein with increased enzymatic
activity and to be protective with respect to alcohol use
(Edenberg, 2007)—was negatively associated with traits
related to drinking behaviors. The replications were at a
PWS level (po1.74*10− 5) for trans-population meta-analy-
sis and the EUR sample, at a suggestive significance level
(po1.74*10− 4) for the HISP sample, and at nominal level for
the AFR sample (po0.05).
Beyond these previously known associations, novel

phenotypic associations were observed for ADH1B
rs1229984. At a PWS level, the minor allele was positively
associated (ie, opposite direction with respect to that
observed for drinking traits) with having a pet (META:
N= 19 877, z= 5.67, p= 1.44*10–8; EUR: N= 9924, z= 6.53,
p= 6.54*10–11), level of partner education (META:
N= 11 049, z= 5.36, p= 8.15*10–8; EUR: N= 6351, z= 6.38,
p= 1.78*10–10), level of education (META: N= 19 806,
z= 4.63, p= 3.73*10–6; EUR: N= 9898, z= 4.63, p= 3.70*10–6),
total family income (META: N= 19 254, z= 4.55, p= 5.27*10–6;
EUR: N= 9593, z= 6.94, p= 4.07*10–12), and calm attitude
(EUR: N= 9956, z= 5.15, p= 2.59*10–7). Negative associations
(ie, same direction as for drinking behavior associations) were
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observed for dietary energy intake (EUR: N= 9958, z=− 4.84,
p= 1.32*10–6), body mass index (BMI) variation (EUR:
N= 5338, z=− 4.47, p= 8.02*10–6), and optimistic attitude
(META: N= 19 797, z=− 4.67, p= 3.09*10–6; EUR: N= 9908,
z=− 4.87, p= 1.13*10–6). Other suggestive findings
(po1.74*10–4) were also observed for ADH1B rs1229984:
smoking behaviors (at least 100 cigarettes lifetime); psycholo-
gical traits (the subject’s perception that she accomplished less
than planned because of emotional issues, satisfied with sex
frequency, negative attitude, happiness); reproductive health
(age of onset of menopause, number of term pregnancies,
number of months breastfed); and vascular/metabolic status
(systolic blood pressure, maximum BMI, pulse pressure).
To confirm the reliability of ADH1B rs1229984 results, we

performed 1000 permutations of ADH1B rs1229984 geno-
types in the EUR sample (the population group with the
strongest results). None of the 360 000 randomly permutated
tests reached PWS level (Supplementary Figure 2). In
addition, we tested the association of ADH1B rs1229984
with the respect to some of the traits with PWS or suggestive
significance evidences (ie, maximum BMI, highest grade
finished in school, household gross income, self-reported
high blood pressure, number of term pregnancies, and

smoked 100 cigarettes lifetime) in an independent cohort of
2379 EUR subjects (Table 1). We obtained replications
(ie, concordant findings with WHI results) for household
gross income (N= 2349, z= 1.97, p= 0.035) and education
(N= 2376, z= 2.11, p= 0.048) at a nominal significance level;
and possible replication for maximum BMI (N= 2379,
z=− 1.80, p= 0.071) at a trend significance level.
After quality control, information regarding ALDH2 rs671

genotypes was only available for a sample of ASN women (as
expected, there was no variation in the other population
groups). We replicated the protective effect of the ALDH2
rs671 allele at a phenome-wide and nominal significance
level with respect to drinking behaviors (Supplementary
Table 6). No other traits reached PWS or were suggestive.
However, the education trait (ie, highest grade finished in
school) is positively associated with ALDH2 rs671 at a
nominal level (N= 280, z= 2.08, p= 0.039). Considering this
result in the context of the ADH1B rs1229984 findings
described above, the same trait was PWS in the EUR sample
(N= 9898, z= 4.63, p= 3.70*10–6) and nominally significant
in the HISP sample (N= 2960, z= 2.43, p= 0.015) with
concordant direction. No significant findings were observed
for ADH1B rs2066702.

Figure 1 Manhattan plot of the trans-population meta-analysis including both smoking and alcohol-associated alleles. Red and black lines indicate the
phenome-wide and the suggestive significance thresholds (po1.74*10− 5 and po1.74*10− 4, respectively). Phenotype abbreviations are defined in
Supplementary Table 2. A full color version of this figure is available at the Neuropsychopharmacology journal online.
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To gain insight into the biological mechanisms underlying
the novel ADH1B rs1229984 phenotype associations identi-
fied in the WHI cohorts, we conducted an analysis based on
Bayesian network learning algorithm. We restricted the
analysis to the EUR subjects from the PAGE cohort and
considered the top association for drinking behaviors
(alcohol servings per week) and the novel PWS findings
(having a pet, level of partner education, level of education,
total family income, calm attitude, dietary energy intake,
BMI variation, and optimistic attitude). The best causative
model obtained from the hill-climbing learning algorithm
indicated that ADH1B and alcohol servings per week affected
the phenotypic traits investigated, but in some cases, the
ADH1B associations are best explained as independent from
drinking behaviors (Figure 3).
With respect to smoking behaviors, CHRNA3–CHRNA5

rs8034191, rs1051730, and rs16969968, there was replication
of the well-known positive association with smoking
quantity (ie, cigarettes per day) at a PWS level in trans-
population meta-analysis and in the EUR sample (Figure 4;
Supplementary Table 7). The CHRNA5 rs2036527 associa-
tion with smoking quantity (ie, cigarettes per day) was

replicated in trans-population meta-analysis and in the AFR
sample. Nominally significant replications were observed for
the other smoking behaviors across the population groups.
We also replicated the association of CHRNA3–CHRNA5
risk alleles (rs8034191, rs1051730, and rs16969968) with lung
cancer and asthma, two well-known downstream smoking
consequences, in a pattern consistent with the smoking
quantity associations. Two novel suggestive phenotypic
associations were also observed: CHRNA5 rs16969968 was
positively associated with distrustful attitude (N= 25 914,
z= 4.05, p= 5.19*10–5) in the trans-population meta-analysis
and with the use of medication for high cholesterol
(N= 6984, z= 4.04, p= 5.44*10–5) in the AFR sample.
Nominal replications of the CHRNA5 rs16969968 suggestive
associations were observed for the other CHRNA3–CHRNA5
risk alleles across population groups.

DISCUSSION

Here, we report the first PheWAS for the study of risk alleles
identified previously as relevant to drinking and smoking
behaviors, in a large multi-ethnic cohort of 26 394 women.
PheWAS analyses are considered a useful post-GWAS
approach; such analyses can deepen our understanding of
the range of phenotypic effects associated with GWAS-
identified risk alleles (Bush et al, 2016). The risk alleles we
studied are recognized has having large effects on nicotine
response and alcohol metabolism (The Tobacco and
Genetics Consortium, 2010; Gelernter et al, 2014; Quillen
et al, 2014). Our results provide strong support for either
pleiotropic or consequent, or both, effects of these risk alleles

Figure 2 Phenotypic associations of ADH1B rs1229984 in trans-
population meta-analysis (META) and in African (AFR), Asian (ASN),
European (EUR), and Hispanic (HISP) samples. In each cell, the
correspondent z-score is reported (double underline: phenome-wide
significance, po1.74*10–5 based on Bonferroni correction for number of
traits and markers studied; single underline: suggestive significance,
po1.74*10–4; bold: nominal significance, po0.05). The intensity of the
cell shading is proportional to the association strength (negative association:
red; positive association: green). A full color version of this figure is available
at the Neuropsychopharmacology journal online.

Table 1 Results of ADH1B rs1229984 in the Replication Sample

Phenotypic traits N Z score p-value

Highest grade finished in school 2376 1.97 0.049

Household gross income 2349 2.11 0.035

Self-reported high blood pressure 2379 − 0.20 0.843

Maximum body mass index 2379 − 1.80 0.071

Smoked at least 100 cigarettes ever 2302 − 0.95 0.345

Number of term pregnanciesa 701 0.31 0.756

aNumber of term pregnancies was tested in women only.

Figure 3 Best causative model of the novel ADH1B rs1229984
phenotype associations identified in WHI cohorts. Phenotype abbreviations
are defined in Supplementary Table 2.
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on other traits—physical and mental. That is, the same risk
alleles could be responsible for multiple traits, or could
primarily affect one or several traits with the others being a
consequence of the primary action.
The strongest results of the present study were observed

for ADH1B rs1229984. This functional variant is negatively
associated with drinking behaviors, mainly in European
populations (Gelernter et al, 2014). We replicated prior
findings. As expected, the strongest ADH1B rs1229984
associations with drinking behaviors were observed in EUR
women (alcoholic beverage serving per week, p= 3.10*10–7).
Concordant findings, but with lower statistical significance,
were also observed for AFR and HISP samples (wine serving
size, AFR p= 0.035; alcoholic beverage servings per week,
HISP p= 5.16*10–5). Although it is well-known that ADH1B
rs1229984 has fewer population-level effects in African-
ancestry individuals than that those observed in European-
ancestry populations because of its allele distribution across
populations (Polimanti et al, 2015a), no study with large
sample size has previously investigated the role of this
variant in Hispanic populations. Our results indicate that
ADH1B rs1229984 affects alcohol consumption in Hispanics
also; but further studies are needed to understand why
ADH1B rs1229984 has less effect on Hispanic subjects than is
observed in European ones, despite an allele distribution that
is comparable in the two groups. Our previous study on
African- and European-Americans indicated that ADH1B
population-specific haplotype structure can affect the
association of some variants with alcohol use (Polimanti
et al, 2015a). In our PheWAS, no relevant results were
observed for ADH1B rs1229984 in the ASN sample, which is
probably attributable to the power limitations from the small
ASN sample available. However, we strongly replicated the
protective role of ALDH2 rs671 in drinking behaviors
(alcohol intake, p= 3.77*10–8) that is associated with the
accumulation of blood acetaldehyde and its resultant aversive
effects in this ancestry group (Peng et al, 2014; Quillen et al,
2014), despite the very small sample size.
Beyond the replication of known genetic associations, we

identified several novel phenotypic associations related to
ADH1B rs1229984. A consistent group of psychological traits
was identified (at both phenome-wide and suggestive
significance levels). We identified having a pet, calm attitude,
accomplished less for emotional issues, satisfied with sex
frequency, and happiness, which were associated in the same
direction as the protective association of ADH1B rs1229984
with drinking behaviors; and positive attitude with opposite

association direction. These psychological trait associations
seem to indicate that a protective allele for alcohol use
behaviors is generally associated with positive psychological
circumstances. A consistent epidemiological literature has
shown that alcohol use and abuse are associated with
psychological distress (Ibanez et al, 2015; Obasi et al, 2015).
We also observed ADH1B association with traits related to

education and socioeconomic status, with the same direction
as the protective association of ADH1B with drinking
behaviors: partner’s highest level of education, proband’s
highest level of education, and total family income. In
particular, the association with 'highest level of education'
showed PWS in the EUR sample and was replicated at a
nominal significance in the HISP sample. A further
replication for the same trait was observed in the ASN
sample with ALDH2 rs671—that is, the gene encoding the
alcohol-metabolizing enzyme that clears acetaldehyde, as
distinguished from ADH1B, the protein product of which
generates acetaldehyde. In addition, we replicated the
education and income findings in an independent sample
of 2379 EUR subjects. Our prior polygenic risk score analysis
in 9863 subjects from the Generation Scotland: Scottish
Family Health Study also indicated that the genetic
predisposition to alcohol dependence is negatively associated
with cognitive function and socioeconomic deprivation
(Clarke et al, 2015). It is recognized that alcohol use and
abuse are correlated with both lower income and academic
achievement (Latvala et al, 2014; Poonawalla et al, 2014).
Another cluster of novel phenotype associations for

ADH1B is related to dietary habits and vascular/metabolic
status. Dietary energy intake, BMI variation, pulse pressure,
maximum BMI, and systolic blood pressure were associated
with ADH1B in a direction opposite that of its protective
effect on drinking behaviors. A Mendelian randomization
study in 261 991 individuals of European descent indicated
that carriers of the ADH1B rs1229984 protective allele have a
more favorable cardiovascular profile (Holmes et al, 2014).
Furthermore, our recent GWAS of BMI in subjects with
alcohol dependence showed that an alcohol-metabolism gene
(in that case, ALDH1A1) could be involved in the regulation
of body mass in the context of alcohol dependence
(Polimanti et al, 2015b). These findings support a relation-
ship between alcohol-metabolism gene variants with cardi-
ovascular and metabolic conditions.
Suggestive findings were also observed in relation to

reproductive health: age of onset of menopause concordant
in direction with protective effect ADH1B on drinking

Figure 4 Phenotypic associations of CHRNA3–CHRNA5 locus (rs8034191, rs1051730, rs12914385, rs2036527, and rs16969968) in trans-population
meta-analysis (META) and in African (AFR), Asian (ASN), European (EUR), and Hispanic (HISP) samples. In each cell, the correspondent z-score is reported
(double underline: phenome-wide significance, po1.74*10–5 based on Bonferroni correction for number of traits and markers studied; single underline:
suggestive significance, po1.74*10–4; bold: nominal significance, po0.05). The intensity of the cell shading is proportional to the association strength (negative
association: red; positive association: green). (*) WHI PAGE data set was not available for these markers. A full color version of this figure is available at the
Neuropsychopharmacology journal online.
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behaviors; and number of term pregnancies and numbers of
months breastfed were opposite in direction to protective
effect of ADH1B on drinking behaviors. Alcohol use can
have harmful effects on reproductive functions and is
associated with significant sex hormone changes in women
(Schliep et al, 2015). The association between ADH1B
rs1229984 and age of onset of menopause is in agreement
with these previous findings: women with a protective allele
for drinking behaviors undergo menopause (a physiological
process strictly regulated by sex hormones) later than those
without the allele.
These novel associations indicate that ADH1B is involved

in a wide range of physical and mental conditions. Our
analysis based on Bayesian learning algorithms revealed that
ADH1B is involved in the traits identified by our PheWAS
and drinking behaviors are apparently intermediary for some
of them only. Although some alcohol-independent effects of
ADH1B on human phenome find support in other functions
for the encoded enzyme (Haavik et al, 2008), our analysis
should be considered exploratory. Indeed, the WHI assess-
ment for drinking and smoking behaviors is focused
primarily on current use rather than lifetime use. This likely
caused a systematic underestimation of the effect of
alcohol use on the causative relationship analysis of ADH1B
associations.
The PheWAS results for CHRNA3–CHRNA5 risk alleles

replicated the known associations with smoking behaviors.
As previously observed (The Tobacco and Genetics
Consortium, 2010), CHRNA3–CHRNA5 rs8034191,
rs1051730, and rs16969968 were strongly associated with
smoking quantity (ie, cigarettes per day) in European
subjects. We also replicated the association of CHRNA5
rs2036527 with the same trait in the AFR sample, consistent
with results from a large GWAS of smoking quantity in
African-American subjects (David et al, 2012). Unfortu-
nately, we were not able to replicate the associations of
CHRNA5 rs12914385, likely because the genotypes for this
variant were not available for the PAGE WHI cohort and
therefore the data were available in only 36% of the total
sample (2% of the total EUR sample). Consistent with the
observed smoking quantity associations, we found that
CHRNA3–CHRNA5 rs8034191, rs1051730, and rs16969968
were associated with lung cancer and asthma. Although
genetic studies of lung cancer identified CHRNA3–CHRNA5
as a risk locus previously (Chen et al, 2015), very few
investigations have focused on CHRNA3–CHRNA5 locus
and risk of asthma (Torjussen et al, 2012). Although there
were no novel PWS results for smoking-related alleles, we
observed two suggestive findings. In trans-population meta-
analysis, CHRNA5 rs16969968 was associated with distrustful
attitude in the same direction as the risk for smoking
behaviors. Tobacco use, abuse, and dependence frequently
co-occur with several psychiatric traits and disorders
(Picciotto and Kenny, 2013) especially with depression and
anxiety (Morozova et al, 2015). However, results from a
recent Mendelian randomization analysis did not support a
causal role of smoking heaviness towards the development of
depression and anxiety (Taylor et al, 2014). In our study,
individuals with a smoking-related risk allele tended to
report more frequently that 'most people lie to get ahead'
than those without the risk allele. Further studies are needed
to clarify the role of nicotine consumption, and the genetic

predisposition to nicotine consumption, in psychological
status, considering physiological and pathological conditions.
In the AFR sample, a suggestive association was observed
between CHRNA5 rs16969968 and cholesterol-lowering
medication use: women with a smoking risk allele were
more likely to use cholesterol-lowering medication than
those without risk allele. Smoking behaviors have previously
been associated with several cardiovascular risk factors and
strong effects have been observed on cholesterol levels (Forey
et al, 2013). Global genetic correlations were found between
smoking and lipid levels (cholesterol and triglycerides) based
on linkage disequilibrium score regression analysis, con-
sidering large GWAS incorporating data relevant to these
traits (Bulik-Sullivan et al, 2015). Our data suggest that
genetic predisposition to nicotine response may potentially
affect lipid levels (either directly or indirectly).
In conclusion, we provided novel information regarding

the role of tobacco and alcohol use and some of their best-
established associated genetic risk loci on an extensive set of
physical and mental traits. Our data indicated that alcohol
and nicotine use genetics potentially has much broader
implications than is currently recognized. ADH1B appears to
be a relevant locus for several phenotypic traits also via
mechanisms that may be independent from alcohol use.
Although the biological significance for some of the
phenotypic associations identified herein is not completely
clear, our current data provide new insights regarding the
roles of the investigated genes in the human phenome.
Further studies are needed to follow up these new possible
routes and mechanisms. In particular, Mendelian randomi-
zation studies of a larger cohort can facilitate a better
understanding of how genetic information can be used to
understand the impact of modifiable exposures, such as
tobacco and alcohol use (Gage et al, 2016), in relation to the
phenotypic traits identified by the current PheWAS.
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