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Abstract
Purpose of Review  This systematic review summarizes evidence of single nucleotide polymorphism (SNPs) associations 
with smoking cessation focusing on dopamine receptor or dopamine metabolism genes. Summary odds ratios (ORs) of SNP 
associations were calculated and stratified by ancestry, pharmacotherapy, and sex where feasible.
Recent Findings  The 30 included articles reported the results of 32 studies. The minor allele of DRD2/ANKK1 SNP rs1800497 
was associated with lower odds of cessation among people of European ancestry [OR = 0.88, 95% CI 0.82 – 0.95, n= 16 
studies]; this association was not observed among people of non-European ancestry. Heterogeneity by sex in rs1800497 
associations was present [female: OR = 0.91, 95% CI 0.85 – 0.97, n = 9 studies; male: OR = 1.16, 95% CI 0.85 – 1.55, n = 
7 studies]. Recipients of nicotine replacement therapy (NRT) with the minor allele of DRD2 SNP rs6277 [OR = 1.43, 95% 
CI 1.06 – 1.92, n = 2 studies] or COMT SNP rs4680 [OR = 1.61, 95% CI 1.11 – 2.35, n = 3 studies] had increased odds of 
cessation. Heterogeneity by sex in rs4680 associations was observed [combined sex: OR = 0.73, 95% CI 0.57 – 0.93, n = 3 
studies; male: OR = 0.74, 95% CI 0.53 – 1.02, n = 1 study; female: OR = 1.01, 95% CI 0.77 – 1.32, n = 5 studies].
Summary  Associations between rs1800497 and rs4680 and cessation may differ by biological sex. Limited evidence sug-
gests some genetic associations may differ by ancestry and that rs4680 or rs6277 genotype may influence NRT efficacy.

Keywords  Genetics · Tobacco Use · Smoking Cessation · Dopamine · Single Nucleotide Polymorphism

Introduction

Cigarette smoking prevalence among U.S. adults declined 
from 20.9% to 11.5% between 2005 and 2021, however, 
smoking remains a leading cause of premature death and 
preventable illness [1, 2•]. Furthermore, cigarette smoking 
disproportionally affects specific population groups of peo-
ple, including residents of rural communities, military vet-
erans, sexual minorities, people with lower socioeconomic 
status, and those with disabilities [2•, 3]. Though quitting 
smoking provides short- and long-term health benefits [4], 
the highly addictive property of nicotine creates a significant 
barrier to smoking cessation. More than half of U.S. adult 
smokers try to quit smoking each year; more than 90% of 
these quit attempts result in relapse within 6-months [5, 6]. 
Additionally, more than one-third of those reaching one full 
year of smoking abstinence eventually relapse [7].

Precision medicine strategies for smoking cessation and 
relapse prevention could increase the rates of successful 
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quit attempts. To appropriately inform the development and 
implementation of precision medicine interventions, the 
risk factors associated with cessation failure or relapse must 
be identified. Several smoking phenotypes (e.g. nicotine 
dependence, persistent smoking, and severity of withdrawal 
symptoms) were shown to have substantial heritability (23 
to 70%) in twin and family studies [8]. Due to the significant 
role that genetic susceptibility plays in smoking behavior 
and cessation, studies to identify which specific genetic vari-
ants are associated with the likelihood of quitting smoking 
hold promise for advancing precision medicine approaches.

Nicotine, the main psychoactive substance in tobacco 
[9], binds to nicotinic acetylcholine receptors which acti-
vates the receptors stimulating dopamine release [10]. 
Dopamine actuates the mesolimbic dopamine pathway 
contributing to neurological reward [11] and condition-
ing drug-seeking behavior [12]. Dopaminergic signals 
are transmitted through dopamine receptor binding. Thus, 
the five dopamine receptor genes: DRD1, DRD2, DRD3, 
DRD4, and DRD5, which encode the D1, D2, D3, D4, and 
D5 receptors, respectively [12], are biologically plausible 
candidate genes for studies related to smoking or nico-
tine addiction. In addition, dopamine is metabolized into 
inactive and active metabolites, a process that is partially 
responsible for regulating dopamine levels. Thus, the three 
genes that encode enzymes responsible for dopamine 
metabolism, COMT, DBH, and MAOA [13], are additional 
candidate genes for smoking addiction or cessation studies.

Within the existing body of evidence relating to genetic 
studies of smoking cessation, DRD2 and DRD4 have been 
the predominant genes studied among the five dopamine 
receptor genes while studies including dopamine metabo-
lism genetic variants have focused on COMT and DBH. 
Of these four genes, the most researched is DRD2 and for 
the most part studies have focused on DRD2/ANKK1 sin-
gle nucleotide polymorphism (SNP) rs1800497, which is 
frequently referred to as the Taq1A variant. In relation to 
DRD4, studies of smoking behavior have mainly examined a 
48 base pair variable number tandem repeat (VNTR) within 
this gene [14, 15]. High throughput SNP genotyping arrays 
provide SNP genotype data for thousands of single base pair 
polymorphisms [16], whereas genotyping VTNR polymor-
phisms is a more complex and computationally intensive 
process [17]. Thus, genetic research, such as genome wide 
association studies, have focused on utilizing SNP genotyp-
ing. For this reason, the aim of the present study was to 
synthesize the existing evidence related to associations of 
the Taq1A SNP and other less studied SNPs within DRD2, 
COMT, and DBH with smoking cessation outcomes. In 
doing so, we aimed to consolidate the evidence on the asso-
ciations of SNPs within these genes and identify areas or 
gaps for future investigation. Additionally, in synthesizing 
the evidence, we have also given special consideration to 

differences in associations by ancestry and biological sex 
where feasible.

Methods

The independent variable of this systematic review was 
defined as SNPs within dopamine receptor and metabolism 
genes. The specific genes of focus were DRD2, COMT, and 
DBH due to a dearth of studies examining SNPs within other 
dopamine receptor or metabolism genes. The dependent var-
iable was smoking cessation measured as abstinence from 
smoking at a study endpoint or observational timepoint for 
prospective studies, former versus current smoking status 
for cross-sectional studies, and time to smoking cessation 
for survival analyses.

Inclusion Criteria

To be eligible for inclusion, a manuscript had to report 
on a human study, be published in English, and report on 
the association between one or more SNPs within DRD2, 
COMT, or DBH and a smoking cessation outcome. Rand-
omized-controlled trials, non-randomized trials, open label 
trials, cohort studies, case-control studies, and cross-sec-
tional studies were all eligible for inclusion.

Exclusion Criteria

Studies were excluded if they only used a genetic risk score 
(i.e., no associations reported for individual SNPs) as the 
independent variable or did not have a smoking cessation 
outcome. Also excluded were news stories, commentar-
ies, letters to the editor, review papers, heritability or link-
age studies (e.g. twin and family studies), studies with < 
1-month follow-up, and studies reporting results for novel 
SNPs or haplotypes. Studies reporting novel SNPs, defined 
as SNPs reported in only one citation, were excluded 
because conducting a meta-analysis across studies was not 
feasible [18–21, 22•, 23•, 24]. However, we report these 
novel SNPs in Supplementary table 1. Published reports 
that used the same data from the same study population and 
tested the same SNPs as another published report were also 
excluded. One of these excluded studies utilized data from 
a placebo-controlled bupropion trial [25]; however, this trial 
data was pooled with a second bupropion trial for use in 
another study [26] and the latter study was included in this 
review. Two other studies utilized the same study population 
to test associations between Taq1A and cessation [27]; the 
study with a primary aim of testing for the Taq1A interaction 
with a serotonin genetic variant was excluded [28]. Another 
three studies were excluded for using the same study popu-
lation as another study. Two studies that used Patch II trial 
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data to test associations between COMT SNP rs4680 [29] 
and ANKK1/DRD2 SNP rs1800497 [30] and cessation, along 
with a third study using Patch-in-Practice trial data to test 
associations between rs4680 and time to relapse [31] were 
excluded because a fourth citation included the associa-
tions between these SNPs and abstinence from smoking in 
both the Patch II and Patch-in-Practice trials [32]. Because 
this latter study did not present data stratified by biological 
sex, results reported in two additional manuscripts from the 
Patch-in-Practice trial [31] and the Patch II trial [33] were 
used for the results stratified by biological sex. The com-
bined results from these trials were used in the primary sys-
tematic review synthesis and the studies stratifying results 
by sex were used for synthesis of results by biological sex.

Literature Search

We searched the PubMed and Scopus databases for evi-
dence of associations between SNPs within dopaminer-
gic genes and smoking cessation (Fig. 1). The original 

search was conducted on February 7, 2020 for journal 
articles published from January 1, 1990 through February 
7, 2020, updated searches were conducted periodically to 
identify articles meeting search criteria published from 
February 7, 2020 through May 22, 2023. The PubMed and 
Scopus searches retrieved a total of 917 unique articles 
(removing duplicates) for evaluation of exclusion/inclu-
sion criteria. (Search terms are detailed in Appendix 1).

Article Screening and Data Extraction

Of the 917 articles, 861 were excluded after abstract screen-
ing (Fig. 1). After full text review of the remaining 56 arti-
cles, 32 citations were excluded. By checking all the refer-
ences cited in the originally identified records, we identified 
an additional 6 articles that met inclusion criteria for a total 
of 30 included articles. For each included article, data were 
extracted for study design, sample size, participant ancestry, 
intervention protocols, SNP associations with smoking ces-
sation, and results of any pharmacogenomic analysis.

Fig. 1   Summary of search process in systematic review of variation within dopaminergic genes in relation to smoking cessation in observational 
studies and clinical trials of smoking cessation interventions
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Statistical Analysis

Associations of SNPs with smoking cessation were organ-
ized by gene, study design, ancestry, biological sex, and 
pharmacotherapy. Summary measures were obtained 
using the %METAANAL SAS macro, which produced 
the Laird and DerSimonian fixed effect estimators and 
tested for between-study heterogeneity [34, 35]. Random 
effects pooling was assumed weighting the studies pro-
portionate to the inverse of the study variance plus the 
between-study variances.

Results

There were 30 articles included in the final meta-analysis 
for the systematic review. These articles reported results 
from 32 unique studies: 12 randomized trials, 5 open 
label trials, 7 cohort studies, 4 case-control studies, and 
4 cross-sectional studies (Table 1). The sample sizes of 
the 12 randomized trials ranged from 76 to 2,374. Eleven 
of these trials comprised populations that were entirely 
or predominantly (85 - 98.9%) of European ancestry [26, 
32, 33, 36–46] and one was of people of Chinese ancestry 
that was also 93.6% male [47]. Of the five open label tri-
als three were of European populations comprised of 371 
to 804 people [27, 32, 43], one comprised of 225 Korean 
men [42], and the fifth stratified results by ancestry for 
the 178 women of European ancestry and 112 women 
of African ancestry [40] included in the trial. All seven 
cohort studies were of people of European ancestry with 
sample sizes ranging from 419 to 10,017 [48–52, 53••]. 
Two of the four case-control studies stratified results by 
ancestry: one stratified by women of European ancestry 
(n = 541) and women of African ancestry (n = 241) [40], 
whereas the other stratified by Mexican ancestry (n = 
59) and African ancestry (n = 72) [54]. Two other case-
control studies studied 881 people [55] and 283 people 
[56] of European ancestry. The four cross-sectional stud-
ies were all conducted in people of Asian ancestry, three 
were studies of Japanese people [57–59] and one was a 
study of Chinese men [60]; these ranged in size from 96 
to 359 people.

There was sufficient evidence to perform meta-anal-
yses of the associations between four SNPs and smok-
ing cessation. Two SNPs, DRD2/ANKK1 SNP rs1800497 
G>A and DRD2 SNP rs6277 G>A, are associated with 
D2 dopamine receptor density [61, 62], and two SNPs, 
COMT SNP rs4680 and DBH SNP rs77905, are within 
dopamine metabolism genes. We reported the results of 
the meta-analyses by SNP and ancestry, and by sex and 
pharmacotherapy where feasible.

DRD2/ANKK1 SNP rs1800497 (Fig. 2)

Associations With Smoking Cessation Among European 
Ancestral Populations

The meta-analysis of 16 studies of people of European 
ancestry) [26, 27, 32, 33, 37–46, 52, 53••, 55, 56] showed 
those with at least one copy of the minor allele of SNP 
rs1800497 (commonly annotated as the A1 allele) had lower 
odds of smoking cessation [Summary OR = 0.88, 95% CI 
0.82 - 0.95] compared to those with homozygous common 
allele genotypes (commonly annotated as A2/A2 genotypes) 
(Fig. 2, part a). In seven of the 16 studies, at least some 
of the participants received a pharmaceutical intervention; 
however, in these studies the smoking cessation outcome 
was assessed at least 3 months and up to 3 years after the 
intervention ended.

For four of the trials, it was feasible to stratify the asso-
ciations with abstinence at end of treatment by intervention 
arm (Fig. 2, part b). In the two studies with a placebo arm 
[26, 32], those with at least one copy of the minor allele had 
higher odds of smoking cessation at end-of-treatment (10-
12 weeks post-cessation) [Summary OR = 1.37, 95% CI 
0.70 – 2.70], but the association was not statistically signifi-
cant. Although the test for heterogeneity between these two 
studies was not statistically significant (p = 0.09), the find-
ings between the two studies were inconsistent [David et al. 
(2011) OR = 0.96, 95% CI 0.54 – 1.72 [32], whereas David 
et al. (2007) OR = 1.92, 95% CI 1.13 – 3.28 [26]]. There 
was less evidence of an association between SNP rs1800497 
genotype and end-of-treatment abstinence among recipients 
of nicotine replacement therapy (NRT) [Summary OR = 
1.11, 95% CI 0.79 – 1.54 (n = 2 studies)] [32] or bupropion 
[OR = 0.91, 95% CI 0.59 – 1.40] (n = 1 study)] [26].

Associations With Smoking Cessation Among 
Non‑European Ancestral Populations (Fig. 2, Part C)

Korean men with the A1 allele who received bupropion in an 
open label trial had significantly lower odds of smoking ces-
sation than men without the minor allele [OR = 0.56, 95% 
CI 0.32 - 0.99 (n = 1 study)] [42]. In studies with no phar-
macotherapy intervention, Japanese study participants with 
the A1 allele had increased odds of smoking cessation but 
the association was not statistically significant [Summary 
OR = 1.17, 95% CI 0.61 – 2.24 (n = 3 studies)] [57–59]. 
Some heterogeneity between these three cross-sectional 
studies of Japanese people was indicated (test for heteroge-
neity p = 0.07) because one study [58] observed an associa-
tion between the A1 allele and the likelihood of former ver-
sus current smoker status that was in the opposite direction 
of the other two studies. Synthesis of the two studies with 
concordant results showed a strong association between the 
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A1 allele and increased likelihood of being a former smoker 
[Summary OR = 1.64, 95% CI 1.09 – 2.49] [57, 59]. In 
contrast, the third study found those with the A1 allele had 
lower, though not statistically significant, odds of being a 
former smoker [OR = 0.65, 95% CI 0.32 – 1.29] [58]. One 
study evaluated SNP rs1800497 associations with smok-
ing cessation among people of African or Mexican ances-
try finding no genetic association among either population 
[African ancestry OR = 1.03, 95% CI 0.40 – 2.66, Mexican 
ancestry OR = 1.03, 95% CI 0.31 – 3.43] [54].

Stratification of SNP rs1800497 Associations by Biological 
Sex (Fig. 3)

The association between SNP rs1800497 and smoking ces-
sation may differ by biological sex. Women with the A1 
allele had lower odds of smoking cessation [Summary OR = 
0.91, 95% CI 0.85 - 0.97, n = 9 studies] [27, 31, 33, 45, 46, 
57, 58]. The association was similar when the results were 
limited to populations of women with European ancestry 
[Summary OR = 0.88, 95% CI 0.80 – 0.98, n = 7 studies] 
[27, 31, 33, 45, 46]. In contrast, men with the A1 allele had 

increased odds of smoking cessation [Summary OR = 1.16, 
95% CI 0.87 - 1.55, n = 7 studies], [27, 31, 33, 45, 57–59] 
but the association was not statistically significant. No asso-
ciation was observed when considering only studies of men 
of European ancestry [Summary OR = 1.06, 95% CI 0.85 
– 1.33] [27, 31, 33, 45].

DRD2 SNP rs6277 (Fig. 4)

Five studies, all of people of European ancestry, reported 
associations between DRD2 SNP rs6277 and smoking ces-
sation. Among people who did not receive a pharmaceutical 
intervention for cessation no difference in odds of cessation 
between rs6277 genotypes was found [Summary OR = 0.99, 
95% CI 0.91 - 1.08, n = 5 studies] [32, 44, 53, 55]. Among 
those who received NRT, the minor allele was associated 
with increased odds of cessation [Summary OR = 1.43, 95% 
CI 1.06 – 1.92, n = 3 studies] [32, 43]. In a study that ana-
lyzed the combined bupropion and placebo arms, no associa-
tion was observed between rs6277 genotype and smoking 
cessation [OR = 1.05, 95% CI 0.64 - 1.72] [43].

Fig. 2   Results for DRD2 SNP rs1800497 by ancestry and treatment arm. RCT = randomized controlled trial, NRT = nicotine replacement ther-
apy, *pharmaceutical intervention ended 3 months to 3 years prior to outcome assessment
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COMT SNP rs4680

Associations Among People of European Ancestry (Fig. 5, 
Part A)

Among people of European ancestry, no statistically sig-
nificant association between the minor allele of COMT 
SNP rs4680 and the age of smoking cessation [HR 
= 0.97, 95% CI 0.83 – 1.12, n = 1 study] [48] or the 
likelihood of smoking cessation [Summary OR = 0.95, 
95% CI 0.83 - 1.09, n = 8 studies] [32, 40, 46, 49–51] 
was observed. Heterogeneity across the eight studies 
of smoking cessation was statistically significant (p = 
0.004). After removing the five studies with all-female 
study populations from the meta-analysis [32, 49, 51, 53], 
we no longer observed significant heterogeneity across 
the remaining studies (p = 0.31) (the all-female studies 
were analyzed separately as described below). Among 
the studies of both men and women that remained, those 
with the minor allele of SNP rs4680 had significantly 
lower odds of smoking cessation compared to those with 

homozygous common allele genotypes [Summary OR = 
0.73 95% CI 0.57 - 0.93, n = 3 studies].

The association between the minor allele of the SNP 
rs4680 and smoking cessation among recipients of NRT 
was in the opposite, more favorable, direction [Summary 
OR = 1.61, 95% CI 1.11 - 2.35, n = 3 studies] [32, 40] 
to that noted above. In a single study among people of 
European ancestry receiving bupropion, no statistically 
significant association between SNP rs4680 genotype and 
end-of-treatment abstinence was observed [OR = 1.09, 
95% CI 0.86 - 1.38, n = 1 study] [41] (Fig. 5, part b).

Associations Among People of Non‑European Ancestry 
(Fig. 5, Part C)

Five studies of non-European ancestral populations 
reported associations between SNP rs4680 and smok-
ing cessation: two studies of women of African ancestry 
[40], one study of Korean men [42], and two studies of 
Chinese people who were predominantly male [47, 60]. 
A non-statistically significant association that was close 

Fig. 3   DRD2 SNP rs1800497 results stratified by biological sex, includes only those studies where data allowed stratification. EOT, = end of 
treatment, NRT = nicotine replacement therapy, *pharmaceutical intervention stopped 3 months to 3 years prior to endpoint

Fig. 4   DRD2 SNP rs6277 associations with smoking cessation. EOT = end of treatment, NRT = nicotine replacement therapy, RCT = rand-
omized controlled trial
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to the null value of 1.0 was observed among women of 
African ancestry who did not receive a pharmaceutical 
intervention [OR = 1.08, 95% CI 0.51 – 2.29, n = 1 study], 
whereas among women receiving NRT, those with the 
minor allele were nearly two times more likely to quit 
smoking at end of treatment [OR = 2.02, 95% CI 0.84 
– 4.85, n = 1 study] but the association was not statisti-
cally significant [40]. Among people of Chinese ancestry, 
those with the minor allele of SNP rs4680 had higher, but 
not statistically significant, odds of smoking cessation than 
those with homozygous common allele genotypes [Sum-
mary OR = 1.48, 95% CI 0.94 - 2.32, n = 2 studies]. The 
combined study population of these two studies was 96.9% 
male. In contrast, Korean men with the minor allele of 
SNP rs4680 receiving bupropion in an open label trial had 
significantly lower odds of smoking cessation [OR = 0.49, 
95% CI 0.28 - 0.84, n = 1 study].

Stratification of SNP rs4680 Associations by Biological Sex 
(Fig. 6)

To assess the association among women, we evaluated the 
association of SNP rs4680 with smoking cessation using 
results from the six all-female studies and from one study 
with results available stratified by biological sex. Among 
the seven studies without a pharmaceutical intervention, 
no association between SNP rs4680 and cessation was 
observed [Summary OR = 0.98, 95% CI 0.86 - 1.12, n 
= 7 studies] [40, 50, 51], though there was significant 

heterogeneity between these studies (p = 0.02). After 
removing the study by Omidvar et al [51], a study of older 
people aged ≥55 years at recruitment and followed for 12 
years, the heterogeneity between studies was no longer 
statistically significant (p = 0.09) but still the association 
between rs4680 genotype and smoking cessation was null 
[Summary OR = 1.02, 95% CI 0.91 - 1.14, n = 6 stud-
ies]. Among women receiving an NRT intervention, those 
with the minor allele were significantly more likely to quit 
smoking than those without the minor allele [Summary OR 
= 1.95, 95% CI 1.07 – 3.57, n = 2 studies] [40].

In addition to the results previously presented from 
studies of male or predominantly (97%) male populations 
of Asian ancestry, it was feasible to obtain SNP rs4680 
genotype associations among men from two studies of 
European ancestry populations. Among untreated, older 
men (55+ years of age at recruitment) of European ances-
try, those with the minor allele were less likely to quit 
smoking during the 12-years of follow-up [Summary OR 
= 0.74, 95% CI 0.53 – 1.02, n = 1 study] [51]. No asso-
ciation between SNP rs4680 genotype and abstinence was 
observed among men of European ancestry receiving NRT 
in an open label trial [Summary OR = 1.08, 95% CI 0.53 
– 2.18, n = 1 study] [40].

DBH SNP rs77905 (Fig. 7)

Three studies, all of people of European ancestry, reporting 
associations between SNP rs77905 and smoking cessation 

Fig. 5   COMT SNP rs4680 associations with smoking cessation. EOT = end of treatment, NRT = nicotine replacement therapy, RCT = rand-
omized controlled trial
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were included in the review. Among those who did not 
receive a pharmaceutical intervention, the minor allele 
was associated with increased odds of smoking cessation 
[Summary OR = 1.79, 95% CI 1.17 - 2.73, n = 2 studies] 
[32, 37]; however, no association between SNP rs77905 
and smoking cessation was observed for those receiving 
NRT [Summary OR = 0.95, 95% CI 0.66 - 1.36, n = 2 
studies] [32].

Additional GWAS Findings for DRD2 and DBH

Three large GWAS (N = 547,219 to 3,383,199) were identi-
fied in the literature but were not included in the meta-anal-
ysis because they report novel variants (variants not reported 
in another citation) within DRD2 or DBH. For genome-wide 
significant associations with smoking cessation, Xu et al. 
[22•] identified DRD2 SNP rs113344912 C<T (p-value = 
2.9 x 10-11); Liu et al. [24] identified DBH SNP rs1611124 
T<C (p-value = 5.26 x 10-9); and Saunders et al. [23•] 
identified DRD2 SNPs rs2734839 (p-value = 6.66 x 10-16), 
rs2734837 (p-value = 5.55 x 10 -16), rs2734338 (p-value = 
8.87 x 10-15), and DBH SNP rs1108581 (p-value = 6.67 x 
10-25).

Discussion

This systematic review synthesized the available evidence 
for associations between smoking cessation and DRD2/
ANKK1 SNP rs1800497 (Taq1A), DRD2 SNP rs6277, 
COMT SNP rs4680, and DBH SNP rs77905. The majority 
of the evidence was from studies of people with European 
ancestry and showed that the minor alleles of Taq1A and 
rs4680 were associated with lower odds of smoking cessa-
tion, whereas the evidence indicated that the minor allele 
of rs77905 was associated with increased odds of smok-
ing cessation and that there was no evidence of an associa-
tion between rs6277 and smoking cessation. The existing 
evidence suggests that the direction of the associations for 
Taq1A and rs4680 may differ by ancestry and biological 
sex. No studies examined associations between rs6277 or 
rs77905 among non-European ancestral populations or by 
biological sex, thus, it was not feasible to assess whether 
associations for these SNPs followed a similar pattern in 
relation to ancestry and sex. Lastly, some of the genetic asso-
ciations differed between those who received no pharmaco-
therapy, bupropion, and NRT.

In addition to the meta-analysis, we cite three large 
GWAS [22•, 23•, 24] for which it was not feasible to include 

Fig. 6   COMT SNP rs4680 associations with smoking cessation by biological sex. EOT = end of treatment, NRT = nicotine replacement therapy, 
RCT = randomized controlled trial

Fig. 7   DBH SNP rs77905 association with smoking cessation. EOT = end of treatment, NRT = nicotine replacement therapy, RCT = rand-
omized controlled trial
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the findings in the meta-analysis because the identified SNPs 
were not found in another citation. These GWAS replicated 
findings in terms of genes (DRD2 and DBH) identified but 
did not replicate specific genetic variants within these genes. 
This demonstrates that GWAS have a primary and crucial 
role for identifying genes and gene regions associated with 
phenotypes, but that the whole body of evidence, including 
candidate gene and single SNP studies, should be consid-
ered to fully understand the genetic influences for complex 
disease. While the candidate gene approach has come under 
scrutiny for potentially spurious associations that do not rep-
licate, replication can be a concern between GWAS studies, 
and some genetic associations with complex diseases may 
not be detected through GWAS, despite very large sample 
sizes, potentially due to complex environmental interactions. 
Despite the criticism, candidate gene studies can play an 
important role in uncovering the functional causal pathways 
and interactions through which genes influence more com-
plex phenotypes [63]. Thus, although most of the studies 
cited in this review utilized a candidate gene or single SNP 
approach to examine genetic associations, synthesizing the 
findings from these studies is important for understanding 
the current knowledge and identifying scientific gaps related 
to dopaminergic genes and smoking cessation. However, as 
the evidence synthesized across four specific SNPs within 
genes influencing the dopaminergic pathway is discussed 
below, the convergence of candidate gene and GWAS should 
be noted and considered [64].

Genetic Associations by Ancestry and Sex

DRD2/ANKK1 SNP rs1800497 (Taq1A)

The Taq1A (A1) allele has been associated with reduced 
D2 dopamine receptor density in postmortem human brain 
studies, and researchers hypothesize that the A1 allele’s 
association with substance use may result from compensa-
tory behavior due to deficient dopaminergic responses [65]. 
The present review showed that the A1 allele was associ-
ated with lower odds of cessation in people of European 
ancestry, but that this association may not be consistent by 
biological sex and ancestry. When considering study results 
among females only, we found the A1 allele was associated 
with lower likelihood of having quit smoking. In contrast, 
among male populations, the association was in the opposite 
direction but was not statistically significant. Examination 
of studies of Japanese males suggested that Japanese men 
with the A1 allele may be more likely to have quit smoking 
compared to those without the A1 allele; however, signifi-
cant heterogeneity across studies makes it difficult to make 
strong inferences.

Two of the studies of Japanese males found that the A1 
allele was associated with increased odds of being a former 
smoker whereas a third study reported the inverse associa-
tion. Heterogeneity was detected only in the results for male 
participants. Two of the discordant studies both recruited 
the study participants from first-visit patients to the Aichi 
Cancer Center and did so within temporal proximity. Despite 
this similarity in source population, the prevalence of smok-
ing status among the males participating in these two stud-
ies differed in terms of current, former, and never smok-
ers. Among the male participants in Hamajima et al [57], 
48%, 31%, and 21% were current, former, or never smokers, 
respectively. In contrast, in Yoshida et al [58], the propor-
tion of male participants reporting current, former and never 
smoker status was evenly distributed at 34%, 33%, and 33%, 
respectively. The disparity in prevalence, despite the same 
source population, suggests potential systematic differences, 
potentially due to different inclusion criteria. For example, 
Hamajima et al. recruited first-visit patients to the outpatient 
hospital inclusive of cancer patients, whereas Yoshida et al. 
recruited patients visiting the outpatient clinic for either can-
cer screening or treatment of Helicobacter pylori infection. 
The prevalence of smoking can affect the relative genetic 
heritability of smoking within a specific population [8], 
which could be a factor that partially explains the disparate 
study results.

Two previous meta-analyses reported associations 
between Taq1A and smoking cessation. These studies 
observed a significant association among people of Euro-
pean ancestry but found no association between Taq1A and 
cessation among people of Asian ancestry [66, 67]. Both 
prior studies also reported significant heterogeneity in stud-
ies reporting results for people with Asian ancestry. Neither 
of these prior studies considered pharmacotherapy cessation 
interventions or biological sex, and other potential sources 
of bias were present. For example, the results of one prior 
review included the results of a study of Korean schizo-
phrenia patients with the results of two studies of Japanese 
people; the inclusion of a population with comorbid mental 
illness may have biased the smoking outcome [67]. Addi-
tional bias from inclusion of the aforementioned study of 
schizophrenia patients could also have been introduced 
because this study excluded former smokers, thus, the study 
compared current smokers to never smokers which does not 
effectively measure smoking cessation [68]. The second pre-
vious review synthesized the results of three cross-sectional 
studies of Japanese people with a study of short-term smok-
ing cessation (4 – 10 weeks post quit) among Korean male 
smokers who all received bupropion. While our present 
review included these four studies, we considered the study 
of Korean men receiving bupropion therapy separately due 
to potential differences in genetic associations by ancestry 
and pharmacotherapy [69].
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It is difficult to validate the findings in Japanese people 
due to heterogeneity across the few existing studies. How-
ever, genetic associations can differ by ancestry and the 
discordance we observed between the associations for Japa-
nese and European populations in the present review could 
be partially explained by different minor allele frequencies 
(MAF). Based on data from the 1000 Genomes Project, the 
A1 allele has a MAF of 0.2020 among Americans of Euro-
pean decent (CEU) whereas the MAF is 0.3894 among peo-
ple with Japanese ancestry (JPT) [70]. Additionally, among 
the JPT population, the Taq1A SNP is located within a large 
haplotype block [70] that is not observed within the CEU 
population, thus, Taq1A may have high linkage (correlation) 
with other functional SNPs among people with Japanese 
ancestry.

Though genetic differences by ancestry and sex are 
biologically plausible, other factors complicate associa-
tions across ancestry and sex. Sex differences in smoking 
prevalence are greater in Asian countries than in the United 
States. In 2019, the age standardized smoking prevalence 
among Japanese women and men, respectively, was 10.2%, 
and 33.4%, whereas the prevalence was 15.3% among 
U.S. women and 19.9% among U.S men [71•]. This may 
be explained by sex differences in societal attitudes toward 
smoking in Japan where smoking is more likely to be con-
sidered an acceptable part of social etiquette for men than 
women [72]. Studies have also shown that Japanese male 
smokers inhale cigarette smoke moderately in comparison to 
American men with European ancestry, but that the strength 
of inhalation does not differ between female smokers of Jap-
anese or European ancestry [73]. Adding further complexity, 
interest in quitting smoking may be lower among people 
who smoke in East Asia than in the United States or Europe 
[5, 74–76]. These phenomenon indicate that environmental 
and cultural factors may moderate genetic risk and partially 
explain differences by ancestry and sex.

COMT SNP rs4680

The minor allele of COMT SNP rs4680 is functionally asso-
ciated with lower catechol-o-methyltransferase (COMT) 
enzyme activity. Lower COMT slows dopamine metabolism 
resulting in increased dopamine levels in the prefrontal cor-
tex [77]. COMT enzyme activity differs by sex, potentially 
because estrogen downregulates activity [77]. Our findings 
suggest that SNP rs4680 associations with smoking cessa-
tion may also differ by sex. Among females only, the minor 
allele of SNP rs4680 was not associated with likelihood of 
smoking cessation, whereas, within studies of both males 
and females, people with the allele had lower odds of quit-
ting smoking. Evaluation of associations specifically among 
males was feasible from two studies of people of European 
ancestry, one study of older males 55 years of age or older 

at recruitment and one study in which all received NRT. 
Though limited, these studies showed the minor allele of 
rs4680 may be associated with reduced odds of cessation 
in males, but that NRT may attenuate the association. Two 
studies of Chinese men showed an inverse association 
with the minor allele associated with smoking abstinence. 
Though these results indicate potential genetic differences 
by ancestry and sex, more research is necessary.

Though the findings showed that the minor allele of 
rs4680 was not associated with odds of cessation among 
females only, we observed significant heterogeneity across 
studies. One of the possible sources of heterogeneity 
stemmed from a study of older women (55+ years of age at 
recruitment). In this study, women had significantly lower 
odds of having quit smoking over the 12-years follow-up. 
We no longer observed significant heterogeneity across the 
studies of all-female populations after removing this study 
from the meta-analysis. Because estrogen downregulates 
COMT activity [77], the genetic associations for rs4680 may 
be different between older and younger women as hormone 
levels change between pre-, peri-, and post-menopause. This 
hypothesis is supported by findings showing the associa-
tion between rs4680 and the degree of smoking relapse was 
stronger among postmenopausal women [78•].

Genetic Associations by Pharmacotherapy

Though based on a limited number of randomized controlled 
or open label trials, the findings of the present review indi-
cate that some genetic associations may differ at end of treat-
ment between recipients of pharmacotherapy compared with 
non-recipients. While the minor allele of COMT SNP rs4680 
was generally associated with lower odds of abstinence, the 
inverse association was observed among recipients of NRT 
suggesting NRT may be a more effective smoking cessation 
aid for people with this minor allele. In limited evidence 
from only two studies of women and one of men, this asso-
ciation with increased abstinence among recipients of NRT 
appeared to be concentrated among women, but clearly more 
evidence is needed to clarify this question.

Differences in genetic associations by pharmacotherapy 
were also observed for DRD2 SNP rs6277 and DBH SNP 
rs77905. No association between genotype of rs6277 and 
likelihood of smoking cessation was observed in untreated 
smokers; however, among recipients of NRT, the minor 
allele was associated with significantly increased odds of 
smoking cessation at end of treatment. Conversely, the 
results showed that the minor allele of rs77905 was associ-
ated with increased odds of abstinence in untreated smokers, 
but the association was not observed at end of treatment 
among recipients of NRT. The evidence-base is clearly 
not sufficient to draw firm conclusions, but these findings 
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suggest that NRT may be more effective for those with 
the minor allele of rs6277 or for those with the common 
allele genotype of rs77905. This question, with its clinical 
implications for precision approaches, clearly merits further 
research.

The results concerning DRD2 SNP Taq1A genotype asso-
ciations stratified by NRT, bupropion, and placebo arms are 
difficult to interpret due to the limited number of studies and 
the somewhat disparate results in the placebo arms of the 
studies. However, both Taq1A and rs6277 have been asso-
ciated with the density of D2 dopamine receptors [61, 62, 
79] indicating both SNPs may influence the same biological 
mechanism. Additional research could uncover the potential 
for genetically informed precision medicine smoking ces-
sation interventions based on dopamine receptor and other 
dopamine-related genes.

Furthermore, SNPs within non-dopaminergic genes are 
also important to consider. For example, both the nicotinic 
acetylcholine receptor (nAChR) and nicotine metabolism 
pathways play important roles in smoking behavior and 
nicotine dependence; the genetic evidence in relation to 
smoking cessation within these pathways has been previ-
ously reviewed and documented [80•, 81•]. Precision inter-
ventions informed by single SNPs have been somewhat suc-
cessful, such as a trial showing that nAChR variant CHRNA5 
SNP rs16969968 predicts response to the smoking cessa-
tion pharmacotherapy varenicline [82•]. Nonetheless, the 
complexity of the results from the four SNPs presented in 
the present review, combined with the strong associations 
observed for SNPs within genes influencing other important 
pathways, suggests composite genetic risk models, such as 
those using polygenic risk scores, could more effectively 
combine the risk associated with multiple genetic vari-
ants. Precision medicine approaches informed by polygenic 
risk scores hold promise but research to further this line of 
inquiry is still in its beginning stages [83•].

Conclusion

Most studies of associations between SNPs within dopamin-
ergic genes and smoking cessation have reported results for 
DRD2/ANKK1 SNP rs1800497 (Taq1A) and/or COMT SNP 
rs4680; synthesis of these studies found the minor alleles of 
these SNPs are associated with lower odds of abstinence in 
people of European ancestry. Evidence suggests these asso-
ciations may differ by biological sex and among people of 
non-European ancestry. In relation to DRD2 SNP rs6277 and 
DBH SNP rs77905, studies were sparse but suggested that 
these SNPs could be indicators of pharmacotherapy cessa-
tion intervention efficacy. Additional studies are needed to 
enable stronger inferences to be made. If these findings were 
found to be genuine, due to the complexity in the direction of 

the genetic associations by pharmacotherapy findings across 
individual SNPs, polygenic risk models that combine the 
risk from multiple variants may be better suited to inform 
precision medicine approaches. Future research should aim 
to further the understanding of genetic risk within genes 
influencing dopaminergic function well beyond the four 
SNPs for which evidence has been synthesized. This line of 
inquiry is important because of the key role the dopamine 
pathway plays in addiction. When planning and conduct-
ing future studies, the findings of this review highlight the 
importance of considering differences by ancestry and sex.
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