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Abstract
CYP2A6 is the main nicotine metabolizing enzyme in humans. We investigated the relationships
between CYP2A6 genotype, baseline plasma 3HC/COT (a phenotypic marker of CYP2A6
activity), and smoking behaviors in African-American light smokers. Cigarette consumption, age
of initiation, and dependence scores did not differ between 3HC/COT quartiles or CYP2A6
genotype groups. Slow metabolizers (both genetic and phenotypic) had significantly higher
plasma nicotine levels suggesting cigarette consumption was not reduced to adjust for slower rates
of nicotine metabolism. Individuals in the slowest 3HC/COT quartile had higher quit rates with
both placebo and nicotine gum treatments (OR 1.85, 95% CI 1.08-3.16, p = 0.03). Similarly, the
slowest CYP2A6 genotype group had higher quit rates, although this did not reach significance
(OR 1.61, 95% CI 0.95-2.72, p = 0.08). 3HC/COT ratio, and possibly CYP2A6 genotype, may be
useful in the future for personalizing the choice of smoking cessation treatment for African-
American light smokers.
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Introduction
While overall smoking rates in North America have declined considerably, there are a
growing number of smokers who maintain low levels of cigarette consumption. Light

Correspondence Dr. Rachel F. Tyndale Room 4326, Medical Sciences Building 1 King’s College Circle, University of Toronto
Toronto, Ontario M5S 1A8, Canada. Telephone: 416-978-6374 Fax: 416-978-6395 r.tyndale@utoronto.ca.

Conflicts of interest Dr. R.F. Tyndale hold shares in Nicogen Research Inc., a company that is focused on novel smoking cessation
treatment approaches. None of the data contained in this manuscript alters or improves any commercial aspect of Nicogen, no Nicogen
funds were used in this work, and the manuscript was not reviewed by others affiliated with Nicogen. Dr. R.F. Tyndale has also been a
paid consultant for Novartis. Dr. Benowitz is a paid advisor to several pharmaceutical companies that market or are developing
smoking cessation medications, and also serves as a paid expert witness in litigation against tobacco companies. Dr. Ahluwalia is a
consultant to Pfizer Inc.

Supplementary information is available at http://www.nature.com/cpt

NIH Public Access
Author Manuscript
Clin Pharmacol Ther. Author manuscript; available in PMC 2013 July 02.

Published in final edited form as:
Clin Pharmacol Ther. 2009 June ; 85(6): 635–643. doi:10.1038/clpt.2009.19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.nature.com/cpt


smoking is more prevalent particularly among adolescents, females and some racial/ethnic
minority groups. For example, the majority of African-Americans consume ≤10 cigarettes
per day (CPD) (1), yet they report high levels of dependence and have difficulty quitting (2,
3). Further, African-Americans have disproportionately higher incidences of tobacco-related
illnesses such as lung cancer (4, 5), which may be partly explained by their greater use of
mentholated cigarettes with higher nicotine and tar yields (6), deeper inhalation patterns (7),
and altered rates of nicotine and nitrosamine metabolism (8, 9).

Nicotine is primarily responsible for the highly addictive properties of tobacco smoke (10).
The majority (~80%) of nicotine (NIC) is inactivated to cotinine (COT) (11), and ~90% of
this reaction is mediated by the hepatic enzyme cytochrome P450 2A6 (CYP2A6) (12).
Cotinine is further metabolized to trans-3′-hydroxycotinine (3HC) primarily by CYP2A6
(13, 14). In addition, CYP2A6 can bioactivate tobacco-specific precarcinogens including
(methyl-nitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N’-nitrosonornicotine (NNN)
(15).

The gene encoding CYP2A6 is highly polymorphic, with 36 numbered alleles and numerous
single nucleotide polymorphisms (SNPs) identified so far (http://www.cypalleles.ki.se/
cyp2a6.htm). Large inter-ethnic and inter-individual variations in CYP2A6 activity have
been reported (16). This has been mainly attributed to genetic variations in CYP2A6,
although environmental influences (e.g. diet) may also contribute through enzyme induction
or inhibition. For example, estrogen has been found to induce CYP2A6 in vitro (17), and
females have faster rates of in vivo nicotine metabolism compared to males (18).

Since dependent smokers regulate the amount smoked to maintain plasma and brain nicotine
levels (19), variations in CYP2A6 activity is predicted to alter smoking behaviors.
Individuals with CYP2A6 alleles encoding enzymes with decreased- or loss-of-function
metabolize nicotine at a slower rate (20-22), and have been associated with lower risk of
being a smoker in adults (23), lower cigarette consumption (21, 23), reduced smoking
intensity (21, 24), and reduced withdrawal symptoms during abstinence (25). In addition,
CYP2A6 slow metabolizers achieved higher quit rates in clinical trials (26-28), were more
likely to be former smokers in a case-control study (29), and had shorter durations of
smoking suggestive of greater quit success (23). However, these studies have been mainly in
heavy smoking individuals of European-or Asian-ancestry. There is a paucity of research on
the role of CYP2A6 variation and smoking in light smoking populations such as African-
Americans. Interestingly, African-Americans have slower rates of nicotine and cotinine
metabolism compared to European-Americans (8), and our lab recently identified novel
CYP2A6 variants in this population that are associated with lower enzyme activity (22).
Thus, variability in CYP2A6 activity may also contribute to the unique smoking patterns
observed in this group.

The large variation in CYP2A6 activity and numerous CYP2A6 alleles indicates the need
for a phenotype measure for population studies. The 3HC/COT ratio has been validated as a
phenotype marker of CYP2A6 activity as the conversion of COT to 3HC is specific to
CYP2A6 (13, 14). The ratio of these nicotine metabolites is highly correlated with rates of
nicotine clearance (r = 0.70 - 0.95) (14), and has been associated with CYP2A6 genotype in
several studies (22, 30, 31). However, these studies have been primarily in heavy smoking
individuals of European-ancestry, and it is unknown whether the 3HC/COT ratio derived
from baseline ad libitum smoking will also be a good phenotype measure of CYP2A6
activity in African-American light smokers where smoking can be both low and irregular in
frequency.
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Few smoking cessation clinical trials have focused on African-Americans as treatment
studies typically exclude light smokers. A recent study, entitled Kick it at Swope-II (KIS-II),
evaluated the efficacy of nicotine replacement therapy (2 mg nicotine gum vs. placebo) and
counseling sessions (health education (HE) vs. motivational interviewing (MI)) in 755
African-American light smokers (32). Nicotine gum did not increase quit rates compared to
placebo at week 26 follow-up, although those receiving HE were significantly more likely to
quit compared to those receiving MI. Thus, further investigations of the biological factors
underlying smoking behaviors in light smoking populations are warranted.

Here, we first investigated whether CYP2A6 genotype is related to the 3HC/COT ratio
derived from baseline smoking in treatment seeking African-American light smokers
enrolled in KIS-II. We then determined whether CYP2A6 variation, as indicated by
genotype and the 3HC/COT ratio, is associated with baseline smoking behaviors and
treatment outcomes. This is the largest study to date examining the role of CYP2A6
variation in smoking behaviors among African-American light smokers, with the additional
benefit of having genetic and phenotype measures available.

Results
Participant characteristics

There was no significant difference in participant characteristics (gender, age, body mass
index (BMI), smoking mentholated cigarettes, CPD, exhaled carbon monoxide (CO),
baseline plasma NIC and COT, age of regular smoking, or dependence severity) between the
total population (n = 755), the subset of participants with 3HC/COT data (n = 646), those
with genotype data (n = 588), and those with both genotype and 3HC/COT data (n = 495)
(Supplementary table 1).

Variables that influence the 3HC/COT ratio
To examine other factors that may influence the 3HC/COT ratio independent of CYP2A6
genetic variation, an analysis was performed including only CYP2A6*1/*1 individuals (n =
246). The 3HC/COT ratio was significantly higher in females, increased with age, and was
higher in those with lower BMI (Table 1). Individuals who smoked mentholated cigarettes
also had significantly lower 3HC/COT ratios (p < 0.05). In a multivariate regression model,
gender, age and BMI remained independently associated with the 3HC/COT ratio (p < 0.05,
Table 1).

CYP2A6 genotypes and associations with 3HC/COT
CYP2A6*1B has been associated with faster enzyme activity in European-Americans (33),
although no difference was observed previously in individuals of Black-African descent
(22). We used a newly revised CYP2A6*1B genotyping assay to account for SNPs
occurring at a high frequency in this population that confounded our previous assay (34),
and found individuals with CYP2A6*1B had significantly higher 3HC/COT ratios even after
controlling for gender, age and BMI as covariates (F(2, 238) = 5.1, p < 0.01, Table 2). To
examine the functional impact of other CYP2A6 variants, individuals with CYP2A6*1B
were included in the wildtype reference group, as this allows us to compare our results with
those reported previously (22), and this genotype was not associated here with altered
baseline smoking variables or treatment outcomes.

Consistent with previous studies (20, 22), heterozygous individuals with established alleles,
CYP2A6*4, *17 and *20, had ~40 – 60% activity remaining, while heterozygous
individuals with CYP2A6*9 and *12 had ~50 – 75% activity remaining (Fig. 1A, Table 2).
Heterozygous individuals with alleles recently identified in individuals of Black-African
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descent (CYP2A6*25, *26, *27 and *35) (22) also had ~40 – 60% activity remaining (Fig.
1A, Table 2). Given the low prevalence of these novel variants, the larger size of this current
study provides further evidence of their in vivo functional impact. CYP2A6*2, *23, *24 and
*28 were associated with 3HC/COT ratios higher than expected (Fig. 1A, Table 2). Thus, in
agreement with previous studies in other racial/ethnic groups (30, 31), there is generally a
good concordance between CYP2A6 genotype and 3HC/COT as a phenotype measure.

Genotype frequencies did not deviate significantly from Hardy-Weinberg equilibrium (p >
0.10). CYP2A6 allele frequencies in this sample of African-Americans did not significantly
differ from those reported in Canadian individuals of Black-African descent, with the
exception of CYP2A6*28 (Table 3).

CYP2A6 genotype grouping strategy
Due to the large number of low prevalence CYP2A6 alleles, participants were categorized
by the predicted rate of CYP2A6 activity based on their genotype. This was done according
to the grouping strategy used in previous studies (20, 22). Individuals with CYP2A6*28
were excluded from this analysis due to extreme range in 3HC/COT values (Fig. 1A),
suggesting some may also have gain-of-function copy number variants which is under
current investigation. CYP2A6 gene duplications (CYP2A6*1×2A, *1×2B) leading to
increased enzyme function have been described (21, 35). However, these duplications are
rare in African-Americans, occurring at < 2% allele frequencies. We have genotyped 343
samples for CYP2A6*1×2A, and 28 samples with high 3HC/COT ratios for
CYP2A6*1×2B, but did not find any individuals with these alleles.

Individuals with one copy of the decrease-of-function alleles (CYP2A6*9 and*12) were
grouped as IMs (n = 78). Individuals with two copies of the decrease-of-function alleles, one
or two copies of loss-of-function alleles (CYP2A6*2, *4, *17, *20, *23, *24,*25, *26, *27
and *35), or one decrease-of-function allele with one loss-of-function allele were grouped as
SMs (n = 213). Although the genotype for CYP2A6*2, *23 and *24 were not in agreement
with the phenotype measure (3HC/COT), these individuals were categorized as SMs based
on previous studies demonstrating their functional impact (20, 22, 36).

3HC/COT was associated with CYP2A6 genotype
The 3HC/COT ratio was significantly associated with the CYP2A6 genotype groupings
(F(2, 492) = 52.6, p < 0.001), and remained significant after controlling for gender, age and
BMI as covariates (F(2, 485) = 58.7, p < 0.001). The mean 3HC/COT ratio (± 95% CI) in
the CYP2A6 genotype groups were: NM = 0.43 ± 0.04, IM = 0.32 ± 0.07, SM = 0.22 ± 0.02.
The 3HC/COT ratio was significantly lower in intermediate and slow metabolizers (IMs and
SMs, respectively) compared to the normal metabolizers (NMs) (p < 0.001, Fig. 1B). When
we adjusted the ratio for gender (mean ± 95% CI: NM = 1.27 ± 0.10, IM = 0.95 ± 0.20, SM
= 0.64 ± 0.06), we observed similar adjusted values as were reported previously in our
population of Black-African descent (mean ± 95% CI: NM = 1.18 ± 0.10, IM = 0.77 ± 0.15,
SM = 0.51 ± 0.10) (22).

CYP2A6 activity and baseline smoking behaviors
The self-reported cigarettes per day (CPD) was not associated with CYP2A6 genotype
groups (F(2,585) = 0.26, p = 0.77) or 3HC/COT quartiles (F(3, 642) = 0.25, p = 0.86) (Fig.
2A, B). Exhaled CO levels, a biochemical measure of cigarette smoke exposure, was also
not associated with CYP2A6 genotype groups (F(2, 584) = 3.0, p = 0.05) or 3HC/COT
quartiles (F(3, 641) = 1.6, p = 0.18) (Fig. 2C, D).

Ho et al. Page 4

Clin Pharmacol Ther. Author manuscript; available in PMC 2013 July 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



As further evidence that individuals were not altering their cigarette intake to compensate
for different rates of nicotine metabolism, as observed in heavier smokers (23), slow
CYP2A6 activity was associated with higher plasma nicotine levels. CYP2A6 SMs had
significantly higher baseline plasma nicotine levels compared to NMs (F (2, 585) = 6.0, p =
0.003) (Fig. 2E). Similarly, plasma nicotine levels progressively increased by the 3HC/COT
quartiles, such that levels are lowest in the 1st quartile (fastest CYP2A6 activity) and highest
in the 4th quartile (slowest CYP2A6 activity) (F(3, 642) = 9.8, p < 0.001) (Fig. 2F). Plasma
nicotine levels were significantly higher among slow metabolizers in both males and
females.

Neither CYP2A6 genotype (F(2, 584) = 0.08, p = 0.92) nor the 3HC/COT quartiles (F(3,
640) = 0.43, p = 0.73) were associated with age of onset of regular smoking. Tobacco
dependence was assessed by the Cigarette Dependence Scale (CDS) (37) and the Fagerström
Test for Nicotine Dependence (FTND) (38). CYP2A6 genotype was not associated with
scores from the CDS (F(2, 585) = 0.33, p = 0.72) or FTND (F(2, 585) = 0.37, p = 0.69). The
3HC/COT quartiles were also not associated with scores from the CDS (F(3, 642) = 0.39, p
=0.76) or FTND (F(3, 642) = 0.24, p = 0.87). Gender, age and BMI did not alter any of the
relationships listed above when included as a covariate.

CYP2A6 activity and smoking abstinence
Seven-day point prevalence abstinence, defined as having smoked no cigarettes, not even a
puff, for the previous seven days, was assessed at week 8 (end-of-treatment, EOT) and week
26 (follow-up), and verified by CO levels (≤ 10 ppm). Variables previously reported to be
predictors of abstinence in this population (counseling, gender, income, age, and BMI) (39),
as well as drug treatment, were included in a multiple logistic regression model. Consistent
with previous analyses in this population (39), MI counseling and lower income (≤ $1,800)
were associated with lower odds of quitting while male gender, older age and higher BMI
were associated with greater odds of quitting at both EOT and follow-up (Table 4). CYP2A6
SMs trended towards being significantly more likely to quit smoking at both EOT (p = 0.10)
and follow-up (p = 0.08) compared to IMs or NMs combined (Table 4, Fig. 3A). Individuals
with the slowest 3HC/COT quartile trended towards having greater odds of quitting at EOT
(p = 0.08) and were significantly more likely to quit at follow-up (p = 0.03) (Table 4, Fig.
3B). The effect of CYP2A6 activity on quit success appeared to be more pronounced in
females (Fig. 3C, D), and was observed in both the placebo and nicotine gum arms among
females (Fig. 3 E, F), but the gender interaction was not significant.

Discussion
This is the first study examining the relationship between CYP2A6 activity and smoking
behaviors in African-American light smokers. We provided further evidence that the 3HC/
COT ratio derived from ab libitum smoking is a good phenotypic measure of CYP2A6
activity in this population as there was a good concordance with CYP2A6 genotypes. Our
results also suggest that in this sample of light smokers, cigarette consumption was not
lowered to fully compensate for slower rates of nicotine metabolism, and rather, higher
plasma nicotine levels were observed in slow metabolizers. The group with the slowest
CYP2A6 activity trended towards increased cessation success at EOT which reached
significance at follow-up. This suggests that slow CYP2A6 activity, and the resulting higher
plasma nicotine levels, may influence some aspect of the addiction process leading to
greater cessation.

The 3HC/COT ratio is particularly useful as a phenotypic measure of CYP2A6 activity
because COT has a relatively long elimination half-life (~13 – 19 hours) and the level of
3HC is formation-dependent (11). The 3HC/COT ratio, where metabolites were derived
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from ab libitum smoking, is independent of the time of sampling (40), does not vary widely
within individuals over time (40, 41), and has been associated with CYP2A6 genotypes in
heavy smoking individuals of European-ancestry (30). Our results and those in our previous
study (22, 42) also indicate the ratio has good concordance with CYP2A6 genotype and
rates of nicotine metabolism in light smoking populations of Black-African descent. Our
observation that the CYP2A6*2, *23, *24 and *28 alleles were associated with 3HC/COT
ratios higher than predicted is likely due to other sources of variability in genotype and
phenotype, combined with the small number of individuals with these alleles. We estimated
that to detect a 50% reduction in 3HC/COT from the wildtype reference group (mean =
0.43) with a power of 0.80, assuming a standard deviation of 0.25, we would need 11
individuals who have the variant of interest. There may also be other unidentified genetic
variation, such as gene duplications, and/or individuals may have been exposed to CYP2A6
inducers. Information regarding the use of oral contraceptives, a known CYP2A6 inducer
(18), was not collected in this study.

The finding that the 3HC/COT ratio is higher in females is in agreement with previous data
(18, 42). Our observation that the 3HC/COT ratio increases with age suggests CYP2A6
activity may be increased among the elderly (31). BMI has also been negatively correlated
with the 3HC/COT ratio previously (41, 43), though the relationship between obesity and
CYP2A6 activity or nicotine pharmacokinetics have not been well examined. Mentholated
cigarettes have been shown to reduce nicotine metabolism in smokers (44). It is notable that
mentholated cigarette smokers were younger than non-mentholated cigarette smokers (42.5
vs. 50.0, p < 0.001). Thus, the modest reduction in 3HC/COT among mentholated cigarette
smokers may be attributed to an age effect on CYP2A6 activity. Smoking menthol cigarettes
did not significantly affect the ratio after controlling for age, gender and BMI. In summary,
in addition to CYP2A6 genetic variation, male gender, younger age and lower BMI were
also associated with slower CYP2A6 activity.

Because of the short half-life of nicotine, heavy smokers smoke regularly over the course of
the day to maintain sufficient levels in the body to avoid withdrawal symptoms.
Accordingly, smokers change their smoking behavior when nicotine yield of cigarettes or
rates of nicotine elimination are altered experimentally (45). However, light smokers,
including our study population, are not smoking at regular intervals over the course of the
day, and thus, their plasma nicotine levels likely fluctuates widely. Accordingly, there was
no relationship between cigarette consumption and CYP2A6 activity, and SMs had higher
plasma nicotine levels than NMs, indicating a lack of full compensation for altered rates of
nicotine metabolism. There is evidence that smoking in chippers (≤ 5 CPD) is under greater
stimulus control, i.e. smoking is highly influenced by social and sensory motives and tends
to be associated with specific activities, such as after meals or drinking alcohol (46).
However, these studies of chippers represent a distinct subset of smokers of European-
ancestry, and further investigation into the factors driving light smoking in African-
Americans is necessary.

Although we did not observe a relationship between CYP2A6 activity and age of onset of
regular smoking, this is a relatively weak measure as it is generally limited by recall bias.
Similarly, while we did not see a relationship between CYP2A6 activity and CDS or FTND
scores, tobacco dependence is a complex, multi-dimensional construct and there are likely
aspects of dependence that were not captured by these scales, such as cravings to smoke. It
was recently reported that those with slow CYP2A6 activity may smoke less in response to
cravings and were less influenced by smoking-related cues (47). Given the large sample size
of our study, it is unlikely that our negative findings result from a lack of statistical power
since associations have been reported in smaller studies of heavy smokers of European-
descent (23, 25).
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Our finding that individuals with slow CYP2A6 activity had greater success at quitting
(significant at follow-up) is in agreement with recent findings in clinical trials of heavy
smoking individuals of European-ancestry. Individuals with 3HC/COT ratios in the slowest
quartile had significantly greater odds of quitting in the placebo arm of one study (26),
which was further augmented by treatment with transdermal nicotine patch in another study
(27) that was recently replicated (28). The observation of slow CYP2A6 activity and higher
quit rates in the placebo arm of this and the previous study suggests greater likelihood of
cessation even in the absence of nicotine. This is consistent with the observation that
CYP2A6 slow metabolizers were more likely to be former smokers (29) and had shorter
smoking durations (23). The higher quit rates among CYP2A6 slow metabolizers were
observed primarily in females in this study. Because our sample had disproportionately more
females (67%), further replication of this effect in a sample with a larger number of males is
necessary.

It is notable that significant associations between CYP2A6 activity and quit rates were
observed when individuals were identified by the 3HC/COT quartiles, and only trended
towards significance when categorized by CYP2A6 genotypes. Given the large number of
participants and the substantial portion of African-Americans defined as genetically slow
metabolizers (~36%), our study should have been sufficiently powered. The difference
between these two measures may be that the ratio takes into account other sources of
variation and/or because of additional unidentified alleles. Large variation in the phenotype
is observed among those defined as CYP2A6*1/*1 (i.e. those without identified variants,
Fig. 1A), suggesting additional variants may still be present. Thus, CYP2A6 genotypes may
have similar utility as 3HC/COT quartiles in predicting smoking cessation in African-
American light smokers in the future, particularly as we gain a better understanding of the
genetic variations in CYP2A6 in this population.

The results from the current and other recent retrospective studies (26-28) suggest that
CYP2A6 activity may have important clinical utility in determining the type of smoking
cessation treatment prescribed. For example, individuals with faster CYP2A6 activity might
be encouraged to use pharmacotherapy to aid their quit attempts, given their lower quit rates
on placebo compared to slower metabolizers. In contrast, slow metabolizers may do well
with behavioral therapy alone and/or with nicotine patch treatment but may not benefit
greatly from bupropion (26-28). Prospective clinical trials have not yet been performed to
directly assess whether the rate of CYP2A6 activity will have utility in the personalization
of smoking cessation therapy.

One of the strengths of this study is that we were able to associate CYP2A6 activity with
smoking behaviors and treatment outcomes using both genotype and phenotype measures in
a large population. A limitation of this study is that it was secondary analyses of a clinical
trial designed to test the efficacy of nicotine gum and counseling, and there was an
overrepresentation of females. In addition, this treatment-seeking sample of African-
American light smokers may not be representative of the general population as they are
likely smokers who had difficulty quitting in the past. Further studies are also necessary to
determine whether the results are applicable to other racial/ethnic populations, such as
Hispanics, where light smoking is also prevalent (48).

In conclusion, this study provides further evidence that the 3HC/COT ratio can serve as a
phenotype marker of CYP2A6 activity, and gives new insights into the role of CYP2A6 in
light smoking in African-Americans. Confirmation of the validity of the 3HC/COT ratio
derived from baseline smoking as a phenotypic marker in light smoking populations will
expand its utility for future studies. Secondly, the ability of some individuals to maintain
low levels of cigarette consumption contradicts classical theories of tobacco addiction as
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driven by physical dependence, and further research is needed to examine the biological and
psychosocial context underlying light smoking behaviors. There is no safe level of smoking,
and a better understanding of the phenomenon will lead to more effective intervention
methods for this unique group of smokers

Methods
Study design

A detailed description of the study design and participant recruitment has been described
elsewhere (32). Briefly, individuals (n = 755) self-identified as “African-American” or
“Black” were randomized into a double-blind, placebo-controlled study at a community
health center in Kansas City, Missouri. This study consisted of four treatment arms (n ~189
each) of either placebo or nicotine gum (2 mg), along with either HE or MI counseling.
Inclusion criteria included: ≥18 years of age, smoked ≤10 CPD for at least 6 months prior to
enrolment, smoked at least 25 of the last 30 days, and interested in quitting smoking in the
next 2 weeks.

Drug treatment continued for 8 weeks and the dosing regimen was based on the participant’s
baseline cigarette consumption as described previously (32). Six counseling sessions were
provided, and all participants were followed for a total of 26 weeks. The research protocol
was approved and monitored by the University of Toronto Ethics Review Office and the
University of Kansas Human Subjects Committee.

Measurements
Demographic information, smoking history, and severity of nicotine dependence were
collected at randomization. Plasma sample was also taken at randomization and the levels of
NIC, COT and 3HC from baseline smoking were determined by methods described
previously (14).

CYP2A6 genotyping assays
Blood samples for genetic analyses were available from 618 of the 755 participants who
consented to genetic testing. Established CYP2A6 alleles (CYP2A6*1B, *2, *4, *9, *12,
*17, *20) and novel alleles that were recently identified in a population of Black-African
descent (CYP2A6*23, *24, *25, *26, *27, *28, *35) were genotyped using a two-step
allele-specific polymerase chain reaction assay as previously described (22, 36, 49, 50). The
genotyping assay for CYP2A6*1B was revised (34) because SNPs occurring at a high
frequency in this population were found at the location of the primers used in the previous
assay. An assay that detects CYP2A6*4A and*4D, as well as the recently identified gene
deletions CYP2A6*4E – H, has been reported elsewhere (34).

Statistical analyses
The 3HC/COT ratio was not normally distributed and was log-transformed for all statistical
analyses. Chi-squared test was used to test for Hardy-Weinberg equilibrium, to examine
differences in allele frequencies in this sample compared to previously reported values in a
population of Black-African descent, and to test for differences in quit rates by CYP2A6
activity groups. Univariate ANOVA was used to assess differences in 3HC/COT between
CYP2A6 genotype groups, and to test the association of CYP2A6 activity with CPD, CO
levels, nicotine plasma levels, age of regular smoking, and dependence scores. Univariate
ANOVA was also used to examine if differences in baseline variables exists between the
total participants and those with 3HC/COT data, genotype data, and both 3HC/COT and
genotypes. Bonferroni correction was used for post-hoc analyses. Multiple logistic
regression models were used to assess the association of CYP2A6 genotype and 3HC/COT
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quartiles on quit rates at EOT and follow-up. All statistical analyses of treatment effects
were performed on an intent-to-treat basis and those lost during follow-up were counted as
smokers.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig.1.
A) CYP2A6 genotypes and their associated unadjusted 3HC/COT ratios. Each dot
represents an individual and the line represents the mean 3HC/COT ratio in each genotype
group. The CYP2A6*1/*1 group (n = 246) includes individuals with the CYP2A6*1B allele.
The >1 variant group represents compound heterozygote individuals (e.g. CYP2A6*4/*17).
B) The unadjusted 3HC/COT ratio was significantly associated with CYP2A6 genotype
groupings. Statistical analyses were performed on the log-transformed ratio with gender, age
and BMI as covariates. It should be noted that since only 18 individuals were predicted to be
poor metabolizers (completely lacking CYP2A6 function due to having two copies of loss-
of-function alleles), they were combined with those predicted to have 10-50% activity to
form the SM group. C) The 3HC/COT ratio was also adjusted by gender as illustrated in our
previous papers (22, 36, 50). Adjustments were made by dividing each ratio by the mean
value of their respective gender. For example, a male individual with an adjusted ratio
greater than one indicates values that are higher than the mean ratio of all males. NM =
normal metabolizers, IM = intermediate metabolizers, SM = slow metabolizers. The 3HC/
COT when adjusted for the covariates (gender, BMI, and age) found to be significant in this

Ho et al. Page 12

Clin Pharmacol Ther. Author manuscript; available in PMC 2013 July 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



population, using regression analyses, is as follows (mean ± 95%CI): NM = 0.44 ± 0.03, IM
= 0.31 ± 0.05, SM = 0.22 ± 0.03). *** p < 0.001 when compared to the NMs. ## p < 0.01
when compared to IMs. The number of individuals are listed on the x – axis.
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Fig. 2.
A, B) CYP2A6 genotype and 3HC/COT were not associated with self-reported CPD. C, D)
CYP2A6 genotype and 3HC/COT were not associated with expired CO. E) CYP2A6
genotype was associated with nicotine plasma levels. **p < 0.01 when compared to NMs. F)
3HC/COT was associated with nicotine plasma levels. *p < 0.05, **p < 0.01 and *** p <
0.001 when compared to the 1st quartile. Individuals with 3HC/COT values in the 1st

quartile have the fastest CYP2A6 activity, while those in the 4th quartile have the slowest
CYP2A6 activity. Data are presented as mean ± 95% confidence interval. The number of
individuals are listed on the x – axis.
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Fig. 3.
A, B) Association of CYP2A6 genotype and 3HC/COT quartiles with CO-verified quit rates
at EOT and follow-up. The NMs and IMs were pooled for analyses and compared to SMs.
Individuals with highest 3HC/COT ratios in quartiles 1st to 3rd were pooled for analyses, and
compared to individuals with 3HC/COT ratios in the lowest 25th percentile (4th quartile). C,
D) Association of CYP2A6 genotype and 3HC/COT quartiles with CO-verified quit rates at
EOT and follow-up by gender. E, F) Association of CYP2A6 genotype and 3HC/COT
quartiles with CO-verified quit rates at EOT and follow-up by treatment arm. Only data in
females is shown for fig. 3E and F. The p-values listed were derived from univariate
analyses of quit rates by categories of CYP2A6 activities; the results from the multivariate
analysis is presented in Table 4.
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Table 1

Factors that influence the 3HC/COT in CYP2A6*1/*1 individuals (n = 246)

Mean 3HC/COT SD N p – value

Univariate analyses

Gender

Males 0.37 0.19 79 0.02

Females 0.46 0.32 167

Age 1

20 – 29 0.35* 0.20 22 0.002

30 – 39 0.37* 0.20 72

40 – 49 0.43 0.24 80

50 – 59 0.48 0.35 52

60 – 77 0.63 0.43 20

r 0.22 0.001

BMI 2

Low (< 29.7) 0.46 0.3 122 0.05

High (≥ 29.7) 0.40 0.3 122

r −0.16 0.01

Smoke mentholated
cigarettes

Yes 0.41 0.27 190 0.02

No 0.50 0.31 56

Multivariate regression analyses 3

Standardized β 95% CI p – value

Gender 0.15 0.005 – 0.044 0.01

Age 0.24 0.001 – 0.002 < 0.001

BMI − 0.16 − 0.003 – 0.000 0.01

Mentholated cigarettes − 0.08 − 0.036 – 0.008 0.22

1*
denotes significant difference (p < 0.05) from the oldest age group (60 – 77). r = Spearman’s correlation coefficient between age and 3HC/COT.

2
BMI was categorized by the median value of 29.7. r = Spearman’s correlation coefficient between BMI and 3HC/COT. BMI data was not

available for two participants.

3
R2 = 0.12. Age and BMI were included as continuous variables.
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Table 2

CYP2A6 genotypes and associated 3HC/COT ratios1

Allele Genotype N Mean 3HC/COT SD % p – value

CYP2A6*1B *1/*1 169 0.40 0.29 100 0.007

*1/*1B 62 0.49 0.26 123

*1B/*1B 15 0.50 0.26 125

Reference2 *1/*1 246 0.43 0.28 100 -------

CYP2A6*2 *1/*2 5 0.31 0.16 72 0.29

CYP2A6*4 *1/*4 14 0.21 0.09 49 0.001

CYP2A6*9 *1/*9 70 0.32 0.29 74 < 0.001

*9/*9 10 0.15 0.10 35

CYP2A6*12 *1/*12 4 0.23 0.11 53 0.06

CYP2A6*17 *1/*17 49 0.26 0.15 61 < 0.001

*17/*17 5 0.06 0.03 14

CYP2A6*20 *1/*20 13 0.17 0.11 40 < 0.001

*20/*20 1 0.18 ----- 42

CYP2A6*23 *1/*23 7 0.38 0.12 88 0.56

CYP2A6*24 *1/*24 3 0.37 0.16 86 0.50

CYP2A6*25 *1/*25 7 0.22 0.06 51 0.10

CYP2A6*26 *1/*26 4 0.23 0.11 54 0.09

CYP2A6*27 *1/*27 8 0.18 0.07 42 0.001

CYP2A6*28 *1/*28 16 0.73 0.71 170 0.007

CYP2A6*35 *1/*35 20 0.26 0.09 61 < 0.001

*35/*35 1 0.18 ---- 42

> 1 variant 3 ------- 39 0.15 0.08 35 < 0.001

1
Univariate analyses including gender, age, and BMI as covariates. Comparisons were made with the CYP2A6*1/*1 individuals as the reference

group as was done previously (22). In cases where there is only one individual who is homozygous for the variant, they are combined with the
heterozygous variant group for analyses.

2
Individuals with CYP2A6*1B were included in the reference group.

3
Compound heterozygotes, such as individuals with CYP2A6*4/*17 genotypes, were grouped as having > 1 variant.
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Table 3

CYP2A6 allele frequencies in African-Americans in this population compared to our previous study in
individuals of Black-African descent

African-Americans
(n = 1236 alleles)

Black-African descent1
(n = 560 alleles)

CYP2A6 allele Frequency (%) Frequency (%) p – value

CYP2A6*1B 18.22 18.3 0.95

CYP2A6*2 0.9 0.4 0.22

CYP2A6*4 1.9 2.7 0.33

CYP2A6*9 9.6 7.2 0.09

CYP2A6*12 0.4 0.0 0.33

CYP2A6*17 8.0 7.3 0.61

CYP2A6*20 1.5 1.1 0.51

CYP2A6*23 1.1 2.0 0.16

CYP2A6*24 0.7 1.3 0.28

CYP2A6*25 0.9 0.5 0.43

CYP2A6*26 0.7 0.7 0.97

CYP2A6*27 0.7 0.2 0.15

CYP2A6*28 2.4 0.9 0.03

CYP2A6*35 2.9 2.5 0.62

1
Data previously published in (22, 34, 50)

2
CYP2A6*1B was genotyped only in individuals without other CYP2A6 variants examined in this study (n = 297).
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Table 4

Logistic regression analyses of predictors of CO-verified quit rates at EOT (week 8) and follow-up (week 26)

EOT Follow-up

Predictor1 Odds
ratio 95% CI p Odds

ratio 95% CI P

A) Genotype, n = 588

Genotype (SM)2 1.54 0.92 – 2.57 0.10 1.61 0.95 – 2.72 0.08

Drug (placebo) 0.62 0.41 – 0.93 0.02 0.62 0.40 – 0.94 0.03

Counseling (MI) 0.61 0.41 – 0.92 0.02 0.57 0.37 – 0.87 0.009

Gender (males) 1.68 0.99 – 2.85 0.05 1.83 1.07 – 3.15 0.03

Age 1.04 1.02 – 1.06 < 0.001 1.03 1.01 – 1.05 0.003

BMI 1.03 1.00 – 1.05 0.05 1.03 1.00 – 1.06 0.04

Income (≤ $1800) 0.59 0.39 – 0.88 0.01 0.74 0.49 – 1.13 0.16

B) 3HC/COT, n = 646

Quartile (slowest)3 1.61 0.94 – 2.76 0.08 1.85 1.08 – 3.16 0.03

Drug (placebo) 0.76 0.51 – 1.11 0.15 0.90 0.60 – 1.34 0.59

Counseling (MI) 0.72 0.49 – 1.06 0.10 0.56 0.37 – 0.83 0.005

Gender (males) 1.59 0.98 – 2.58 0.06 1.33 0.80 – 2.22 0.28

Age 1.04 1.02 – 1.06 < 0.001 1.03 1.01 – 1.05 0.002

BMI 1.01 0.99 – 1.04 0.32 1.02 0.99 – 1.05 0.14

Income (≤ $1800) 0.63 0.43 – 0.93 0.02 0.66 0.44 – 0.99 0.04

1
The odds ratio provided refers to the variable listed in brackets beside each categorical predictor.

2
The NM and IM group were combined for analyses and compared against the SM group.

3
Individuals in quartiles 1 to 3 (highest 3HC/COT ratios) were combined for analyses and compared against individuals in the 4th quartile (lowest

3HC/COT ratios).
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