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Abstract

Background: Alcohol and nicotine interact with the nicotinic acetylcholine receptor system to alter reward-related responses,
thereby contributing to the co-use and misuse of these drugs. A missense polymorphism rs16969968 (G>A) in the CHRNAS gene has
shown a strong association with nicotine-related phenotypes. However, less is known about the impact of this variant on alcohol-
related phenotypes.

Methods: We assessed the main and interactive effect of smoking and rs16969968 polymorphism on alcohol consumption using the
Alcohol Use Disorders Identification Test (AUDIT), Timeline Follow Back (TLFB), and Lifetime Drinking History (LDH) in 980 healthy
adults without alcohol use disorder. We further examined the effect of the rs16969968 polymorphism on acute alcohol consumption
using a free-access i.v. alcohol self-administration (IV-ASA) human laboratory paradigm in a subset of 153 nonsmoking participants.
Subjective alcohol responses, alcohol sensitivity, and expectancy measures were compared between genotype groups (GG; AA/AG).

Results: We observed a significant association of smoking with AUDIT, TLFB, and LDH measures across genotype groups, with smok-
ers showing higher scores compared with nonsmokers. Additionally, we found an association between genotype and TLFB-total
drinks in the IV-ASA subset, with the GG group showing higher scores than AA/AG group. Relatedly, the alcohol negative expectancy
score was significantly lower in the GG group than the AA/AG group.

Conclusions: Our findings underscore the association of smoking with alcohol measures. We found preliminary evidence for the pro-
tective effect of the functional CHRNAS polymorphism on alcohol consumption and its association with increased negative alcohol
expectancies, which highlights the substantial heterogeneity in alcohol responses.

Keywords: Smoking, CHRNAS5, alcohol consumption and expectancy, pharmacogenetics

Significance Statement

The CHRNAS gene polymorphism 1516969968 has been associated with nicotine addiction, and the a5 subunit encoded by the
CHRNAS gene is expressed in brain regions that also modulate neural responses to alcohol and other drugs. However, human
translational studies on the impact of functional CHRNAS variation on alcohol phenotypes are rare and inconclusive. In this study,
we examine the direct and interactive effects of the rs16969968 polymorphism and smoking on alcohol phenotypes in non-AUD
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drinkers. Additionally, we explored the main effect of the r1s16969968 genotype on alcohol self-administration, subjective responses,
alcohol sensitivity, and expectancy phenotypes in nonsmokers. Smoking was significantly associated with increases in alcohol
measures in individuals without AUD, underscoring the comorbid risk of the co-use of nicotine and alcohol in vulnerable groups.
Furthermore, we found preliminary evidence for a protective effect of the functional CHRNAS5 polymorphism on alcohol consump-
tion and its association with an increase in negative alcohol expectancies.

INTRODUCTION

Alcohol and tobacco use are leading risk factors contributing to
the global burden of disease and preventable deaths (Ezzati et al.,
2002; Griswold et al., 2018). Alcohol use disorder (AUD) and exces-
sive alcohol consumption have numerous adverse effects on
physical and mental health, including increased risk of various
forms of cancers, cardiovascular and liver diseases, and psychi-
atric comorbidities (Cargiulo, 2007). Nicotine dependence, based
on time to first cigarette after waking, is also a major risk factor
for cancer, cardiovascular, and upper respiratory disease diseases
(Guertin et al., 2015; Selya et al,, 2016; Zhu et al., 2019; Thomas
et al., 2020) and is highly comorbid with psychiatric conditions,
including schizophrenia, attention deficit hyperactivity disorder,
anxiety disorders, and depression (Kutlu et al., 2015).

When co-occurring, AUD and nicotine dependence have
even greater adverse effects on health and socio-environmental
domains by increasing the risk of concurrent psychiatric disease
and other substance use disorders (Le Strat et al., 2010; MacLean
et al,, 2018). Alcohol and nicotine use are highly comorbid and
exert a reciprocal influence on the use and misuse of the other
substance (Verplaetse and McKee, 2017). Early studies reported
the prevalence of smoking among individuals with AUD to be as
high as 88%, and more than 90% of smokers with AUD are nico-
tine dependent (Batel et al., 1995). More recent studies confirm
the co-use of nicotine and comorbidity of nicotine dependence
in individuals across the spectrum of alcohol drinkers (Pacek et
al., 2019). Both occasional and daily smoking increase the risk for
hazardous drinking, AUD diagnosis, and relapse to AUD (McKee
et al., 2007; Weinberger et al., 2015). Similarly, the level of alco-
hol consumption, risk of AUD diagnosis (AUDIT score >20), and
AUD diagnosis increase the rate of nicotine use and dependence
(Falk et al., 2006). Moreover, a current or past diagnosis of AUD
decreases the likelihood of smoking cessation, while current AUD
increases the likelihood of smoking relapse (Weinberger et al.,
2013). This high degree of association may be related to shared
genetic factors that contribute to both the consumption of alco-
hol and smoking (Schlaepfer et al., 2008; Cross et al., 2017).

As a common target for both alcohol and nicotine, the neu-
ronal nicotinic acetylcholine receptor (nAChR) system has gar-
nered specific interest in understanding the mechanisms behind
the co-use of these drugs (Schlaepfer et al.,, 2008; Cross et al.,
2017). nAChRs are pentameric ligand-gated ion channels widely
distributed throughout the peripheral and central nervous sys-
tems (Lé et al., 2000; De Biasi, 2002; Hogg et al., 2003; Rahman
et al,, 2014; Dawson et al., 2018; Wittenberg et al., 2020). These
channels, composed of homo- and heteromeric combinations of a
(a2—a10) and B (B2—B4) subunits that are mechanistically involved
in nicotine- and alcohol-induced reward, addiction, and with-
drawal (Lé et al., 2000; De Biasi, 2002; Hogg et al., 2003; Rahman et
al., 2014; Dawson et al., 2018; Wittenberg et al., 2020). Nicotine’s
binding to a4B2-containing nAChRs is particularly important in
initiating nicotine addiction (Wittenberg et al., 2020). Nicotine
exerts reward properties upon binding to these receptors, and
chronic nicotine exposure results in brain neuroadaptations

(Sutherland et al.,, 2016) that lead to nicotine dependence (Fedota
and Stein, 2015; Wittenberg et al., 2020). The a4f2 nAChRs are
also implicated in reducing ethanol consumption and reward in
both rodent and human models (Ericson et al., 2009; Mitchell et
al., 2012). For instance, administration of a4f2 nAChRs partial
agonist varenicline attenuate ethanol-induced dopamine (DA)
release in the nucleus accumbens (NAc) (Ericson et al., 2009).

The cholinergic receptor nicotinic alpha 5 (CHRNA5) gene, which
encodes the a5 nAChR subunit, has been investigated for its asso-
ciation with nicotine and alcohol use and related phenotypes in
both humans and animal models (Icick et al., 2020). Genome-
wide association studies, meta-analyses, as well as several candi-
date gene studies have found significant association for a specific
missense single-nucleotide polymorphism (SNP) rs16969968 in
CHRNAS with nicotine use disorder and smoking behaviors (Bierut
et al,, 2008; Stevens et al., 2008; Thorgeirsson et al., 2008; Saccone
et al., 2010; Marees et al., 2018), increased risk for nicotine addic-
tion, reduced aversive effect of nicotine, and delayed smoking ces-
sation (Saccone et al., 2007; Chen et al., 2015; Jensen et al., 2015;
Icick et al., 2020). Human candidate gene studies have examined
the effect of 1516969968 polymorphism on alcohol phenotypes and
have yielded discordant results (Sherva et al., 2010; Héllfors et al.,
2013). One study found a significant association of the ‘G’ allele of
the 1516969968 SNP with the symptoms of AUD (Chen et al., 2009).
However, another study identified an effect of ‘AA’ genotype of
1516969968 on increased hazardous drinking using an additive SNP
model approach (Brown-Rice et al., 2018).

The rs16969968 SNP is located in exon 5 of CHRNAS and results
in an amino acid substitution (aspartic acid to asparagine, D398N)
in the protein (Bierut et al., 2008). Functional analyses of the a5
protein with substituted amino acid 398N demonstrated lower
calcium permeability, increased short-term desensitization, and
reduced response to nicotinic agonist in a4f2a5 receptors (Bierut
et al., 2008; Kuryatov et al., 2011). The a5 SNP increases nicotine
self-administration by altering the reward properties of nicotine
in the ventral tegmental area (VTA) DAergic neurons (Morel et al.,
2014) and modifies the adaptations of those neurons to long-term
nicotine exposure and withdrawal (Yang et al., 2023). Although
the mechanism of alcohol’s action on this a5 subunit is not clear,
preclinical studies have implicated a loss of function of the a5
nAChR subunit with several alcohol-induced phenotypes like
hypothermia, hypnosis, anxiolysis, reduced conditioned place
preference, and sedation (Santos et al., 2013; Dawson et al., 2018).
Additionally, recent alcohol self-administration studies demon-
strated increased alcohol consumption in rodents carrying the
minor allele ‘A’ or lacking the a5 subunit compared with the wild
types (Besson et al., 2019; Quijano Cardé et al., 2022).

Although the CHRNAS5 1516969968 polymorphism has been
strongly associated with alcohol use and related phenotypes in
preclinical models, human studies investigating the effect of the
SNP on alcohol use phenotypes have generally been inconclusive.
Given the role of CHRNAS in alcohol and nicotine use disorder
and the high comorbidity of alcohol use and smoking, we sought
to examine the direct and interactive effects of the 1516969968
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polymorphism and smoking on alcohol consumption and related
phenotypes in a sample of healthy adults without AUD. We also
explored the main effect of the rs16969968 genotype on alcohol
self-administration and subjective responses, alcohol sensitivity,
and expectancy phenotypes in a subset of nonsmokers.

MATERIALS AND METHODS

The participants were healthy volunteers (n=980), 18 to 65 years
of age, who were alcohol drinkers with no history of AUD and
who were recruited through newspaper advertisements and the
National Institutes of Health (NIH) Healthy Volunteer Office.
Participants were enrolled in the NIAAA Natural History Study
(NCT02231840), which was reviewed and approved by the NIH
Intramural Institutional Review Board and conducted at The NIH
Clinical Center in Bethesda, Maryland. All participants provided
written informed consent for their participation. A subset of the
study sample (n=153) also participated in a laboratory i.v. alco-
hol self-administration (IV-ASA) session, which was conducted
under a separate IRB-approved clinical protocol at the NIH (NCT
03294460). Details of eligibility (inclusion and exclusion) criteria
for the Natural History study and the IV-ASA study are provided
in the supplementary Methods.

Genotyping

Genomic DNA was extracted from peripheral blood samples
using the QIAmp DNA Blood Maxi Kit (Qiagen Hilden, Germany)
and run on an Hlumina OmniExpress BeadChip array (Illumina,
San Diego, CA, USA). Genotyping of the CHRNAS polymorphism
1516969968 was performed using assay-on-demand from Applied
Biosystems (Foster City, CA, USA). The alleles were discriminated
by post-polymerase chain reaction plate read on an ABI Prism
7900HT Sequence Detection System. Population-based ancestry
information was derived from a panel of 2500 SNPs tested using
the CEPH diversity panel to generate 6 Ancestry Informative
Markers (AIMs) scores (Hodgkinson et al., 2008; Wiers et al., 2018).

Phenotypic Measures

Alcohol consumption was assessed using the Alcohol Use
Disorders Identification Test (AUDIT) (Babor, 2001), Timeline
Follow Back (TLFB) (Sobell, 1992), and Lifetime Drinking History
(LDH) (Russell et al., 1997) questionnaires. Alcohol sensitivity and
expectancy measures were assessed by the Self-Rating of the
Effects of Alcohol (SRE) (Schuckit et al., 1997), Alcohol Sensitivity
Questionnaire (ASQ) (Fleming et al., 2016), and Alcohol Effects
Questionnaire (AEFQ) (Rohsenow, 1983). The Fagerstrom Test
for Nicotine Dependence (FTND) questionnaire and pack-years
(Bernaards et al.,, 2001) was used to evaluate the quantity of
cigarette consumed, the compulsion to use, and severity of nic-
otine dependence (Heatherton et al., 1991). These measures are
described in detail in the supplementary Methods.

IV-ASA Study

The IV-ASA session procedure was conducted following 48-hour
verified alcohol abstinence via an Alcotest 7410 handheld breath-
alyzer (Drager Safety Diagnostics, Telford, PA, USA). The session
lasted 150 minutes, during which breath alcohol concentrations
(BrAC) were measured at 15-minute intervals. Additionally, there
was an intoxication safety limit of 100 mg% for the free access
session. The IV-ASA study procedure was previously described
(Stangl et al., 2017). A summary of the procedures is included in
the supplementary Methods.

Subjective Measures

Subjective response measures were collected during the IV-ASA
session using the Drug Effects Questionnaire (DEQ), the Biphasic
Alcohol Effects Scale (BAES), and the Alcohol Urge Questionnaire
(AUQ). These questionnaires were administered at baseline, dur-
ing the priming phase (at the 10-minute and 20-minute time
points), every 15 minutes during the free-access phase, and 15
minutes post free access. The DEQ measures the acute subjec-
tive response to alcohol by assessing the extent to which partic-
ipants experience 5 potential outcomes of alcohol intoxication:
“feel”, “like”, “want more”, “high”, and “intoxicated”. Each response
was rated on a 100-mm visual analog scale (Morean et al., 2013).
Details of these measures are presented in supplementary
Table 1. Briefly, BAES is used to measure the stimulative and sed-
ative effects of alcohol (Martin et al., 1993), and the AUQ assesses
alcohol drinking urges (Bohn et al., 1995).

Data Analysis

Differences in demographic variables were assessed using chi-
square tests by classifying study participants based on the
1516969968 homozygous genotype and smoking status. Hardy-
Weinberg equilibrium was tested for the rs16969968 polymor-
phism in both smokers and nonsmokers in the full sample. As
there were relatively few individuals with homozygous gen-
otype for 1516969968 polymorphism (n =49 AA), the genotype
was dichotomized (GG vs AA/AG) to enhance statistical power
for detecting a potential difference between groups. We tested
for the main and interactive effect of the rs16969968 genotype
and smoking on AUDIT, TLFB, and LDH measures using 2-way
ANCOVAs of group (2; smokers, nonsmokers) x genotype (2; GG,
AA/AG). Due to the absence of a smoking x genotype interac-
tion and substantial differences in effect sizes for the smoking
and genotype main effects, additional exploratory analyses were
conducted to separately examine the effect of the rs16969968
genotype and smoking on alcohol outcome measures. All
ANCOVA analyses included age, sex, and AIMs score for Africa,
Europe, and Asia ancestries as covariates. Bonferroni correction
was performed to correct for multiple comparison, and the P
value significance level was set at .05. We also examined the
main effects of smoking, genotype, and their interaction on alco-
hol measures separately in individuals with White and African
ancestry using age and gender as covariates. The data for total
AUDIT and TLFB scores was available for all 980 participants;
AUDIT-C and AUDIT-P data were missing for 1 participant, while
LDH data were available for 868 participants. We also explored
the correlation between all the alcohol and smoking measures
using Pearson correlation coefficients test. P values <.05 were
not corrected for multiple comparisons because of smaller sam-
ple size of smokers.

Additional exploratory analyses were conducted in the
IV-ASA study sample, where we investigated the effect of the
1516969968 genotype on total ethanol consumption (in grams)
and average and peak BrAC levels. We also looked at average
and peak BrAC level over time intervals to better understand
the time-dependent effects (0-30, 30-60, 60-90, and 90-120 min-
utes). The effect of the rs16969968 genotype was also tested
on subjective responses, sensitivity phenotypes, and alcohol
expectancy measures. All ANCOVA analyses included age, sex,
and AIMs scores as covariates. We also conducted a repeated-
measures ANOVA to examine changes in BrAC measures
over time and to assess the effect of time x genotype within
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participants. The association between AEFQ-negative expec-
tancy and alcohol phenotypes was further assessed by linear
regression analyses controlling for age, sex, and AIMs scores.
The AEFQ-negative expectancy was used as the independent
variable, and alcohol measures (AUDIT, TLFB, LDH, and IV-ASA)
were used as the dependent variable. To understand the effect
of genotype on alcohol SA measures based on real-world alco-
hol consumption, we conducted linear regression analyses using
AUDIT-C as the independent variable and IV-ASA measures as
the dependent variables. P values <.05 were not corrected for
multiple comparisons considering these were exploratory anal-
yses. All analyses were conducted using SPSS software, Version
22.0 (IBM Corporation, Armonk, NY).

RESULTS

Demographic- and Alcohol-Related Measures

The demographic characteristics classified by the rs16969968
genotype and smoking status are shown in Table 1. Among the
total participants, 66.22% were GG homozygotes, 28.78% were
GA heterozygotes, and 5% were AA homozygotes. According to
dbSNP data, the prevalence of the minor allele ‘A’ is 0.023 among
African American populations and 0.366 among European pop-
ulations. In our cohort, the frequency of the minor allele ‘A’
was 0.0556 among individuals of African American ancestry
and 0.4832 among individuals of European ancestry, represent-
ing a higher frequency among European ancestry, consistent
with the dbSNP data. The GG and AA/AG groups significantly
differed in age and race (P <.001). The distribution of geno-
types significantly differed between smokers and nonsmokers
(P<.001). Among the study participants, 80.1% were nonsmok-
ers, with 63.8% of them carrying the GG genotype and 36.2%
with the AA/AG genotype. Of the 19.19% of the participants
who were smokers, 76.6% had the GG genotype and 23.4% had
the AA/AG genotype. The number of males and the mean age
of the participants was higher in the smoking group than in the
nonsmoking group (P < .001). There were significant differences
in race and ethnicity between the smoking and nonsmoking
groups (P<.05), with the number of nonsmokers being higher
in all the races and ethnic groups compared with smokers.
The genotype distribution in nonsmokers and smokers did not
deviate from Hardy-Weinberg expectations (supplementary

Table 2). The IV-ASA study participant demographics stratified
by the 1516969968 genotype groups are presented in supple-
mentary Table 3.

Interaction and Main Association of rs16969968
Genotype and Smoking With Alcohol Measures

Initially, we analyzed the full factorial model, that is, interaction
and main association of the rs16969968 genotype and smok-
ing with alcohol measures. There was a significant interaction
between the rs16969968 genotype and smoking on TLFB-total
drinks (F=7.773, df =1971, P=.005), LDH-total lifetime drinks
(F=7.436, df=1971, P=.007), and LDH-binge drinking years
(F=7.316, df = 1859, P =.007; supplementary Table 4). However,
only the TLFB-total drinks association remained significant after
Bonferroni correction (P = .045).

Subsequently, we examined various alcohol measures between
smokers and nonsmokers across the rs16969968 genotype groups.
Smokers in the GG genotype group reported significantly higher
scores for all the AUDIT sub scores, TLFB measures, and LDH
scores compared with nonsmokers (P < .001). Similar associations
were observed in the AA/AG genotype group, whereby smokers
showed significantly higher scores for all the alcohol measures
compared with nonsmokers (P <.001). All effects remain signifi-
cant following Bonferroni correction (Table 2).

We further examined the effect of the rs16969968 genotype
by comparing the alcohol measures between the GG and AA/
AG genotype groups in nonsmoking and smoking groups. There
was no significant association between the r1s16969968 genotype
and AUDIT, TLFB, and LDH measures in either nonsmokers or
smokers. There was no significant difference in alcohol measures
between the GG and AA/AG genotype groups in the smoking or
nonsmoking groups (Table 2).

Association Between Smoking and Alcohol
Measures

There was a significant association between smoking and alcohol
measures, with smokers showing higher scores on all the AUDIT
measures, TLFB scores, and LDH measures (P<.001; Table 3). All
effects remain significant after Bonferroni correction. Correlation
analyses between the AUDIT, TLFB, and LDH alcohol measures
with FTND and other smoking measures demonstrated a signif-
icant positive correlation, with correlation coefficients ranging

Table 1. Demographics Characteristics Classified by the CHRNAS 1516969968 SNP Genotype and Smoking Status (n=980)

Nonsmoker Smoker P-value GG AA/AG P-value
(n=792) (n=188) (smoker vs nonsmoker) (n=649) (n=331) (GG vs AA/AG)

Age (SD) 33.82 (11.65) 40.47 (12.105)  <.001 36.15 (11.981) 33.03 (11.85) .00011
Gender, N (female: male)  348:444 47:141 <.001 271:378 124:207 .1949
Race, N (% of total)
Asian 56 (7.07) 4(2.12) <.001 46 (7.08) 14 (4.22) <.0001
Black/African American 293 (36.99) 124 (65.95) 373 (57.47) 44 (13.29)
White 394 (49.74) 48 (25.53) 199 (30.66) 243 (73.41)
Other 49 (6.18) 12 (6.38) 31 (4.77) 30 (9.06)
Ethnicity, n (% of total)
Hispanic or Latino 60 (7.57) 4(2.12) .0153 38 (5.85) 26 (7.85)  0.478
Not Hispanic 723 (91.28) 180 (95.74) 602 (92.75) 301 (90.93)
Unknown 9 (1.13) 4(2.12) 9 (1.38) 4 (1.20)

All data are reported as mean and SE or mean and SD. Others represent multiracial and unknown or unspecified race. P values in bold text indicate
statistically significant (P < .05) differences between groups (smoking vs nonsmoking, GG vs AA/AG).
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from 0.145 to 0.55. Details of these analyses are provided in sup-
plementary Table 5.

Association Between rs16969968 Genotype and
Alcohol Measures

There was a significant association of the rs16969968 genotype
with total drinks consumed in the past 90 days (P = .044), with
the GG genotype group showing higher mean score than the AA/
AG genotype group. However, this association did not remain sig-
nificant after Bonferroni correction and could be considered as
preliminary indication of the rs16969968 genotype effect (sup-
plementary Fig 1). We did not find an association between the
genotype and other TLFB measures, AUDIT, and LDH scores (Table
3). Supplementary Table 6 provides the mean scores of alcohol
measures across CHRNAS 1s16969968 SNP genotype groups,
determined by the additive model.

Race-Specific Association of rs16969968
Genotype and Smoking on Alcohol Measures

In individuals with African American ancestry, we observed a sig-
nificant association between the rs16969968 genotype and TLFB—
total drinks consumed in the past 90 days (P=.017) ,with the GG
genotype group showing higher mean score than the AA/AG gen-
otype group. The association was nonsignificant after Bonferroni
correction. However, in individuals with White ancestry, a signif-
icant association of the rs16969968 genotype was observed with
TLFB-drinking days (P=.05), with the AA/AG genotype group
showing a higher mean score than the GG genotype group. There
was no association of the genotype on other TLFB measures,
AUDIT, and LDH scores across ancestry groups. The association
between smoking and alcohol measures remained significant
across ancestry groups, with smokers showing higher scores on
all the alcohol measures than nonsmokers (supplementary Table
7).

IV-ASA Subgroup Analyses

Association Between rs16969968 Genotype and IV-ASA
Measures, Subjective Responses, and Alcohol Sensitivity
Consistent with the larger cohort, we observed a significant asso-
ciation between the rs16969968 genotype and total drinks con-
sumed in the past 90 days [TLFB-total drinks, df=1146, F=3.942,
P=.049 (uncorrected)], with the GG genotype group showing higher
mean alcohol intake than the AA/AG genotype group. There was
no significant genotype effect on the SRE and ASQ measures (sup-
plementary Table 3), nor was there a genotype effect on subjec-
tive responses of DEQ, AUQ, and BAES, peak and average BrAC,
total ethanol consumed across the self-administration period, or
during each quarter of the self-administration period (to explore
any time-related effects) (supplementary Figure 2). We also con-
ducted a repeated-measures ANOVA within groups, revealing a
significant main effect of time, indicating significant changes in
BrAC across different time intervals (df=1.58, F=42.405, P<.001).
However, the interaction between genotype and time was nonsig-
nificant, suggesting that the rate of change in BrAC did not dif-
fer between GG and AA/AG groups across various time intervals
(supplementary Table 8).

Association Between rs16969968 Genotype and Alcohol
Measures Based on AEFQ—

We did not find a significant association of the genotype on
AEFQ-positive expectancies (Figure 1A). However, we found an
association between the genotype and AEFQ-negative expectancy

score (F=3.913, df=1133, P=.05), which was significantly higher
in the AA/AG genotype group compared with the GG genotype
group (Figure 1B). Given this genotype effect, we evaluated the
association between alcohol AEFQ-negative expectancy score
and AUDIT, TLFB, LDH, and IV-ASA measures by conducting
linear regression analyses in the full IV-ASA sample, and each
genotype group. There was a significant negative correlation
between AEFQ-negative expectancy score and total average BrAC
(B=-.197,P=.02), and average and peak BrAC levels at 30-, 60-, and
90-minute time points in the full IV-ASA sample. We also found
a positive correlation between AEFQ-negative expectancy and
BAES-sedation score (B=.315, P=.001) in the full IV-ASA sample.

In the GG genotype group, AEFQ-negative expectancy was sig-
nificantly positively correlated with AUDIT-P (8=.323, P =.006;
Figure 1C) and BAES-sedation scores (B=.459, P = .0002) and neg-
atively correlated with average (B = -.291, P = .016) and peak BrAC
(B=-.243, P =.043) at the 30-minute time point. There was no
significant association of AEFQ-negative expectancy with AUDIT,
TLFB, LDH, and IV-ASA measures in the AA/AG genotype group
(Figure 1D).

Association Between AUDIT-C and IV-ASA Measures
across 1s16969968 Genotype Groups

We conducted regression analyses in the full IV-ASA sample
and in the GG and AA/AG genotype groups. In the full IV-ASA
sample, there was a significant positive correlation between
AUDIT-C and total average BrAC (B=.179, P=.038), average and
peak BrAC levels at 30- and 60-minute time points (avg BrAC
30 minutes: B =.220, P =.011; peak BrAC 30 minutes: f=.206,
P=.016; avg BrAC 60 minutes: B=.175, P =.042; peak BrAC 60
minutes: B=.171, P=.046), and subjective alcohol “like” effect
(B=.181, P=.038). In the GG genotype, AUDIT-C was significantly
positively correlated with average and peak BrAC levels at the
30-minute time point (avg BrAC 30 minutes: p=.330, P=.007;
peak BrAC 30 minutes: $=.309, P = .011) and subjective alcohol
“like” effect (B=.254, P=.037). In contrast, there was no signif-
icant association of AUDIT-C and IV-ASA measures in the AA/
AG genotype group (Figure 2). We also explored the association
between TLFB and IV-ASA measures and did not find any signif-
icant relationships (data not shown).

DISCUSSION

Our findings confirmed the strong association of smoking with
various alcohol-related phenotypic traits and showed a prelimi-
nary indication of the rs16969968 genotype effect on quantity of
alcohol consumption. Smoking status predicted greater history
of alcohol consumption, problematic drinking, the risk for AUD
diagnosis, and increased overall quantity, frequency, and binge
drinking episodes in the past 90 days. The total lifetime quantity
of drinking and binge drinking years was also higher in smokers
than nonsmokers. These results extend previous study findings
showing an increased level of alcohol consumption and hazard-
ous drinking in smokers compared with nonsmokers (McKee et
al., 2007). Human laboratory studies have also demonstrated the
effect of nicotine use on enhanced alcohol consumption and sub-
jective alcohol effects, as well as increased motivation for alcohol
administration (Kouri et al., 2004). The effect of smoking was con-
sistent across the CHRNAS genotype groups; smokers with the GG
or AA/AG genotype both showed increased alcohol measures com-
pared with nonsmokers, further indicating the strong influence
of smoking on alcohol-related phenotypes, independent from the
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Figure 1. Association between CHRNAS rs16969968 SNP genotype and alcohol expectancies. Mean + SE of (A) Alcohol Effects Questionnaire (AEFQ)-
positive and (B) AEFQ-negative expectancy scores between the GG and AA/AG 1516969968 SNP genotype groups. (C) Correlation between Alcohol

Use Disorder Identification Test (AUDIT-P) and AEFQ- negative expectancy score in the full i.v. alcohol self-administration (IV-ASA) study sample,

GG genotype, and AA/AG genotype group. (D) Correlation between Timeline Followback-Total drinks (TLFB-TD) and AEFQ-negative expectancy score
in the full IV-ASA sample, GG genotype, and AA/AG genotype group. Mean AEFQ-negative expectancy score was significantly higher in the AA/AG
genotype group compared with the GG genotype group (F=3.913, df =1133, P=.05). Significant positive association was observed between AUDIT-P and
AEFQ-negative expectancy score only in the GG genotype group (=.323, P=.006), but not in the full IV-ASA sample, and in the AA/AG genotype group.
Age, sex, and ancestry scores were used as covariates in the analyses. Abbreviations: ¥ significant P <.05; n.s., nonsignificant.

1516969968 genotype. Beyond smoking group differences, we also
found significant positive correlations between several alcohol
and smoking measures. Mainly, TLFB-total drinks, drinking days,
number of binge drinking days, and LDH-binge drinking years
were significantly positively correlated with nicotine use and
dependence measures, confirming the quantitative relationships
between nicotine and alcohol consumption. The increased alco-
hol consumption in smokers could be due to the action of either
alcohol or nicotine or both on the mesolimbic (DA) system, which
comprises DAergic neurons within the VTA and their projection
targets in the NAcc and the olfactory tubercle within the ventral
striatum (Morel et al., 2019; Oettl et al., 2020).

The CHRNAS 1516969968 ‘A’ allele impacts the VTA-DA neurons
by causing a partial loss of function effect that has been associ-
ated with decreased reward properties of nicotine and increased
dose of self-administered nicotine (Bierut et al., 2008; Morel et
al., 2014). Alcohol may also impact drug reinforcement by influ-
encing the mesolimbic pathway via nAChRs or by altering syn-
aptic plasticity in the mesolimbic system through the DAergic
mechanism (Adams, 2017). Neuroimaging studies have linked
the CHRNAS 1516969968 minor allele ‘A" with decreased intrin-
sic resting functional connectivity strength in corticostriatal cir-
cuits that are associated with nicotine addiction severity (Hong
et al., 2010). Alcohol exposure is also known to cause alterations
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Figure 2. Association between AUDIT-C and IV-ASA measures. Correlation between Alcohol Use Disorder Identification Test (AUDIT-C) and i.v. alcohol
self-administration (IV-ASA) measures in the full IV-ASA samples, GG genotype and AA/AG rs16969968 SNP genotype groups after controlling for

age, sex, and ancestry scores. Significant positive associations have been observed between AUDIT-C and IV-ASA measures (average and peak breath
alcohol concentration (BrAC) at 30-minute time point) in the full IV-ASA sample and in the GG genotype group but not in the AA/AA genotype group.

*P <.05.

in behavioral flexibility that are mediated by the dysregulation
of corticostriatal circuits (Barker et al., 2015). Considering the
strong functional role of the rs16969968 SNP in nicotine addic-
tion through the corticostriatal and mesolimbic system and
the known effects of alcohol on these systems, we investigated
the association of the smoking and CHRNAS rs16969968 SNP on
alcohol consumption and related phenotypes. A previous study
reported a higher frequency of the 1516969968 ‘A’ allele in smok-
ers than nonsmokers, whereas we observed a higher ‘A’ allele
frequency in nonsmokers than smokers (Ayesh et al., 2018). We
detected an interactive association between the rs16969968 gen-
otype and smoking on recent total drinks. There was a significant
association of smoking with increased alcohol consumption and
a preliminary indication of association of the AA/AG genotype
with decreased alcohol consumption. Among groups with African
American ancestry, we observed a similar trend, with the AA/
AG genotype linked to decreased alcohol intake compared with
the GG genotype. Conversely, in individuals of White ancestry, no
such association was observed. The AA/AG genotype showed an
association with increased drinking frequency compared with the
GG group. These differences are likely attributed to variations in
allele frequencies. The ‘A’ allele was less common among African
Americans, who are more frequently smokers, while it was more
prevalent among Whites, who are predominantly nonsmokers. A
novel finding of our exploratory analyses in the IV-ASA sample is
the greater AEFQ-negative expectancies scores in the minor allele,
AA/AG genotype group than in the GG genotype group. Negative
expectancies of alcohol have been previously associated with
decreased frequency of alcohol consumption in social drinkers
(Lee etal., 1999). In problematic drinkers and patients undergoing
treatment for AUD, alcohol negative expectancies were found to

motivate them for quitting alcohol consumption and continuing
to abstain after completing the treatment program (Mahon and
Jones, 1993; Jones and McMahon, 1994; Jones et al., 2001).

In line with previous findings, we observed a decreased quantity
of alcohol consumption in the past 90 days in the AA/AG geno-
type group compared with the GG genotype group, and there was a
lack of positive association of the AEFQ-negative expectancy scores
with AUDIT-P in the AA/AG genotype group, which was instead
observed in the GG genotype group. These results suggest that
increased alcohol negative expectancies may decrease the risk for
greater alcohol consumption and problematic drinking in non-
AUD drinkers carrying the 1516969968 AA/AG genotype. The AA/
AG genotype may be associated with a protective effect on alco-
hol consumption quantity and problematic drinking in non-AUD
drinkers. Our finding that lower expectancies of the negative effect
of alcohol are related to increased problematic drinking and quan-
tity of alcohol consumption in the GG genotype group supports a
previous study in individuals with European ancestry that reported
a significant association between the 1s16969968 SNP ‘G’ allele and
increased risk of AUD symptoms (Chen et al., 2009). Interestingly,
similar associations have been reported in cocaine users, showing
a protective effect of the 1516969968 ‘A’ allele on cocaine depend-
ence (Grucza et al., 2008; Aroche et al., 2020).

Finally, it is important to note that AUDIT-C scores were pos-
itively correlated with average and peak BrAC during the early
phase (first 30 minutes) as well as with subjective “like” effects
during the IV-ASA session in the full IV-ASA sample and in the GG
genotype group. These results indicate that BrAC levels achieved
during the laboratory session are highly correlated with real-
world alcohol consumption, consistent with our previous human
laboratory studies (Zimmermann et al., 2013; Stangl et al., 2017;
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Sloan et al., 2020). On the other hand, the absence of this cor-
relation in the AA/AG genotype group suggests that increased
AEFQ-negative expectancies, including cognitive and physical
impairments and carelessness, potentially may have contributed
to the reduced liking effect for alcohol and reduced the overall
alcohol consumption quantity.

Evidence suggests that lone drinkers have higher negative
alcohol expectancy scores than individuals who drink in groups
(Jones and McMahon, 1992). Alcohol negative expectancies may
be attenuated by altering the perception of negative experiences
of alcohol when drinking in a group rather than drinking alone
(Jones and McMahon, 1992). Our IV-ASA laboratory settings allow
the participants to be more sensitive to the negative expectan-
cies of alcohol than in natural settings, and administering alcohol
through the IV method enables a more rapid and reliable time
course of effects than oral alcohol consumption (Ramchandani
et al,, 2009). This negative expectancy, which was higher in the
AA/AG group, may have influenced participants to administer a
smaller quantity of alcohol than their regular drinking quantity,
potentially leading to the lack of association between AUDIT-C
and SA measures in the AA/AG genotype group. Although the
mechanism of how rs16969968 SNP influences alcohol negative
expectancies is not known, we may speculate that behaviorally,
the 1516969968 SNP may reduce the reward salience for alcohol
by increasing the negative expectancies of alcohol. These results
further support the notion of a protective effect of the rs16969968
‘AA/AG’ genotype on alcohol self-administration; however, addi-
tional studies will need to be conducted to examine this further.

Although early studies have associated the 1516969968 ‘A’
allele/CHRNAS5 398N protein with nicotinic agonist-mediated
lower calcium permeability, increased short-term desensitization,
and partial loss of function in the VTA region, the mutation may
affect the response to alcohol differently (Bierut et al., 2008; Morel
et al,, 2014). A previous preclinical alcohol study by Dawson et al.,
(2018) demonstrated attenuated ethanol reward in conditioned
place preference and reduced ethanol intake following restraint
stress in a5-lacking mice relative to the wild type. Although we did
not consider the effect of stress in our study, supporting Dawson’s
study findings we observed a trend of decreased alcohol consump-
tion in the AA/AG genotype group compared with the GG group,
possibly due to a less rewarding effect of alcohol. However, there is
a lack of power to test the robustness of this translation due to the
smaller number of IV-ASA study participants. In the future, we will
consider a larger sample to validate this translational effect. Our
findings contradict studies in rodents that have shown an effect of
the 1s16969968 SNP minor allele ‘A’ on increased alcohol consump-
tion (Besson et al., 2019; Quijano Cardé et al., 2022). In our recent
publication, we also addressed the impact of the a5 knockout gene
effect on alcohol-related behavior in mice and found increased
alcohol consumption in adolescent female mice carrying the a5
knockout gene compared with the wild types, but this effect was
not translated in our human samples (Quijano Cardé et al., 2022).

Our study is not without limitations. A major limitation is that
the IV-ASA analysis was conducted in nonsmokers and there-
fore only examined association of the CHRNAS genotype, leaving
any potential interactive effects of the 2 drugs unstudied. We are
currently conducting a prospective study in smokers and non-
smokers, stratified by genotype, to directly compare the IV-ASA
and subjective measures to better understand the interactive
effect of smoking and the CHRNAS variant on alcohol response
phenotypes. Another limitation of our study is that we did not
analyze any sex differences in the effect of the rs16969968 SNP
on alcohol consumption due to the lack of power to examine

sex-by-genotype interactions. Previous work conducted in mice
by members of our group (Gangitano et al., 2009) has suggested
progesterone-modulated alteration in a5 mRNA expression in the
brain. The variation in progesterone levels among females may
alter a5 expression in humans and could affect the reinforcing
properties of alcohol, although additional studies are needed to
evaluate whether these findings translate to humans. We aim to
examine this in our ongoing work with larger samples to help
characterize any sex-dependent effect of the CHRNAS genotype
on alcohol-related measures.

In conclusion, we found what appears to be a protective effect
of the AA/AG genotype on alcohol consumption and problematic
drinking in humans. These effects may be related to increased
negative expectancies of alcohol in the AA/AG genotype group
and decreased negative expectancies of alcohol in the GG gen-
otype group. Our findings also extend previous research showing
a significant association of smoking with increased alcohol con-
sumption and problematic drinking to individuals who did not
have an AUD diagnosis, suggesting a potential source of vulnera-
bility or risk before development of alcohol problems. Given the
relationship between this pattern of expectancies to increase the
risk for higher alcohol consumption, further research is needed to
address the potential biobehavioral mechanisms underlying the
effect of the CHRNAS genotype on alcohol response phenotypes
and how this may drive the risk for AUD.

Supplementary Materials

Supplementary data are available at International Journal of
Neuropsychopharmacology (JNPPY) online.
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