
320 VOLUME 84 NUMBER 3 | SEPTEMBER 2008 | www.nature.com/cpt

reports nature publishing group

See commentarieS pages 309-310

Toward Personalized Therapy for Smoking 
Cessation: A Randomized Placebo-controlled 
Trial of Bupropion
F Patterson1, RA Schnoll1, EP Wileyto1, A Pinto1, LH Epstein2, PG Shields3, LW Hawk4, 
RF Tyndale5,6, N Benowitz7–9 and C Lerman1

We examined whether a pretreatment phenotypic marker of 
nicotine metabolism rate (NMR) predicts successful smoking 
cessation with bupropion. Smokers (N = 414) were tested for 
pretreatment NMR, based on the ratio of 3′-hydroxycotinine/
cotinine derived during smoking, before entering a placebo-
controlled randomized trial of bupropion plus counseling. 
At the end of the 10-week treatment phase, slow metabolizers 
(1st NMR quartile) had equivalent quit rates with placebo or 
bupropion (32%). Fast metabolizers (4th NMR quartile) had 
low quit rates with placebo (10%), and these were enhanced 
significantly by bupropion (34%). Smokers in the 2nd quartile 
(placebo: 25%, bupropion: 30%) and the 3rd quartile (placebo: 
20%, bupropion: 30%) did not benefit significantly from 
bupropion. At the 6-month follow-up, the relationship between 
the NMR and quitting remained similar, but was no longer 
statistically significant. A pretreatment assessment of NMR 
may identify smokers who are most and least likely to benefit 
from treatment with bupropion for smoking cessation.

Personalized medicine, in which therapies are delivered to indi-
vidual patients on the basis of pretreatment biological markers, 
is emerging as a new model of healthcare delivery.1,2 In the area 
of tobacco dependence treatment, genetic variants in nicotine-
metabolizing enzymes are plausible candidates for prediction 
of therapeutic response.3,4 Nicotine is metabolized to coti-
nine (COT), predominantly by the liver enzyme cytochrome 
P450 (CYP) 2A6;5,6 COT is further metabolized to trans- 
3ʹ-hydroxycotinine (3HC) by the same enzyme.5 Consistent with 
the premise that faster inactivation and elimination of nicotine 
lead to higher rates of smoking so as to maintain nicotine levels 

in the system, reproducible associations of CYP2A6 genotype 
with smoking behavior have been reported.3,7–9

The ratio of the levels of 3HC/COT arising from cigarette 
smoking, as measured in plasma, saliva, or urine, is associated 
with the CYP2A6 genotype.3,10,11 This phenotype measure is 
highly reproducible and independent of time elapsed since the 
last cigarette.12–14 Further, the ratio is strongly correlated with 
plasma nicotine levels and nicotine clearance.10,14–16 Consistent 
with these genetic and pharmacokinetic data, we have reported 
that the nicotine metabolite ratio predicts successful quitting 
of smoking with the use of transdermal nicotine.16 In this ear-
lier investigation, the odds of achieving smoking cessation 
with transdermal nicotine therapy were reduced by 30% with 
each increasing quartile of the nicotine metabolite ratio. Faster 
metabolizers of nicotine were less successful in quitting than 
slower metabolizers and also had lower plasma levels of nicotine 
during treatment and stronger cravings to smoke.

In order to extend this line of research on the role of NMR 
in achieving success in smoking cessation, we examined the 
predictive clinical validity of the 3HC/COT ratio within a dou-
ble-blind placebo-controlled pharmacogenetic clinical trial of 
bupropion efficacy.17–19 On the basis of the retrospective study 
of Gu et al.,9 we hypothesized that, within the placebo condi-
tion, slower metabolizers would have significantly higher quit 
rates than faster metabolizers. Given that bupropion is a non-
nicotine, antidepressant medication with proven efficacy in the 
treatment of tobacco dependence,20 we also predicted that faster 
metabolizers would achieve significant benefit from bupropion, 
while slower metabolizers would have similar quit rates with 
bupropion and placebo.
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characteristics of the participants
The mean age of the participants was 44.3 years (SD = 11.3); 
57% of the sample consisted of women; 40% had graduated 
from college; and 82% were of European ancestry. The mean 
number of cigarettes smoked per day was 21.5 (SD = 9.7), and 
the mean Fagerström test for nicotine dependence score was 
5.4 (SD = 2.0). The mean values of the metabolite variables 
were as follows: pretreatment COT (259 ng/ml, SD = 112), 
3HC (104 ng/ml, SD = 56), and nicotine metabolite ratio (0.43, 
SD = 0.23). The means, medians, and lower and upper limits of 
the nicotine metabolite quartiles were: (i) 0.19, 0.20, 0.046, and 
0.261; (ii) 0.33, 0.33, 0.262, and 0.382; (iii) 0.45, 0.46, 0.383, and 
0.540; and (iv) 0.75, 0.69, 0.541, and 1.416.

A total of 210 participants received bupropion and 204 received 
placebo. Marital status (χ2 (1) = 3.80, P = 0.05) and education 
(χ2 (1) = 4.48, P = 0.04) differed significantly by treatment arm; 
participants receiving bupropion were less likely to be married 
and more likely to have a college education. These variables were 
therefore controlled in the regression models. No other baseline 
variables differed significantly by treatment arm.

Participants lost to the study at the 6-month follow-up point 
(n = 14 for placebo, n = 15 for bupropion) were compared with 
participants who completed the 6-month assessment in terms 
of demographic factors, smoking history, and nicotine metabo-
lite ratio. Noncompleters were significantly younger ( = 40.0 
vs. 44.7; F[1,412] = 4.63, P = 0.03) and tended to smoke more 
cigarettes per day at enrollment ( = 25.2 vs. 21.2; F[1,412] = 
4.60, P = 0.03). Nicotine dependence level (which includes ciga-
rettes per day)21 and age were also controlled in all models. The 
nicotine metabolite ratio did not differ between participants who 
completed the 6-month follow-up time point and those who did 
not (F[1,412] = 1.01, P = 0.31).

associations of nicotine metabolite ratio with baseline 
smoking-related variables
The nicotine metabolite ratio was significantly higher among 
women (t(410) = −5.03, P < 0.01), individuals of European ances-
try (t(412) = 3.79, P < 0.01), and older participants (r = 0.16, 
P < 0.01), but was not related to other demographic variables. 
As expected, the nicotine metabolite ratio was negatively asso-
ciated with pretreatment levels of plasma nicotine (r = −0.21, 
P < 0.01), but unrelated to cigarette smoking rate or baseline 
nicotine dependence level (P > 0.10 for both). Similarly, nicotine 
metabolite quartiles were associated with pretreatment levels 
of plasma nicotine (F(3,400) = 5.75, P < 0.01), but unrelated to 
cigarette smoking rate or baseline nicotine dependence level.

association of nicotine metabolite ratio with 
smoking cessation
As shown in Table 1, in a logistic regression model of absti-
nence (quit = 1), there was a significant main effect of treatment 
assignment both at the end of treatment (bupropion = 1; odds 
ratio (OR) = 4.22 (95% confidence interval (CI): 1.59–11.20) 
P < 0.01) and at 6-month follow-up (OR = 3.26 (95% CI: 1.14–
9.36) P = 0.03). The interaction between the continuous log-
transformed ratio and treatment was significant at the end of 

treatment (OR = 2.46 (95% CI: 1.07–5.66) P = 0.035), but not at 
the 6-month follow-up.

When we examined the relationship between nicotine metab-
olism quartiles and abstinence, a dose–response relationship 
was observed within the placebo group at the end of treatment 
and at the 6-month follow-up (Figure 1). Among the fastest 
metabolizers, end-of-treatment abstinence rates were 34% and 
10% for bupropion and placebo, respectively. Among the slowest 
metabolizers (1st quartile), end-of-treatment abstinence rates 
were equivalent in both treatment groups (32%).

In order to evaluate the significance of treatment effects within 
nicotine metabolite ratio groups, a dummy coded quartile vari-
able was tested in a logistic regression model of abstinence 
that also included terms for treatment assignment within each 
quartile group (Table 2). There was a significant effect of treat-
ment among smokers within the 4th quartile of the nicotine 
metabolite ratio (fastest metabolizers) at the end of treatment 
(OR = 4.84 (95% CI: 1.61–14.55), P = 0.005) and at the 6-month 
follow-up (OR = 4.48 (95% CI: 1.34–14.97); P = 0.02). Treatment 
effects were nonsignificant in the 1st–3rd quartile groups.

association of the nicotine metabolite ratio with 
treatment-related variables
There were no significant associations of the nicotine metabolite 
ratio (quartile measure) with changes in withdrawal symptoms, 
average side effects, or pill counts (P values > 0.10).

Discussion: this study contributes new evidence that rapid 
nicotine metabolism, as determined on the basis of the ratio 
of 3HC/COT derived from cigarette smoking, is a risk fac-
tor for smoking relapse. Further, we find that bupropion 
is an efficacious smoking cessation medication for rapid 
metabolizers of nicotine, who are at increased risk of relapse. 
The observed inverse relationship between NMR and quit-
ting success is consistent with prior results from a nicotine 
replacement therapy trial.16 New data from the present trial 
indicate that the slowest metabolizers (1st quartile) respond 
well with counseling alone and achieve no additional ben-
efit from bupropion (quit rates of 32% in bupropion and 
placebo arms). In contrast, the fastest metabolizers (4th 
quartile) respond poorly with counseling-only, and achieve 
significant benefits from bupropion that are maintained at 

table 1 multivariate logistic regression of smoking abstinence 
by continuous 3Hc/cot ratio and treatment

abstinence at eoT abstinence at 6 months

or 95% Ci P or 95% Ci P

Treatment 4.22 1.59–11.20 0.004 3.26 1.14–9.36 0.03

NMR 0.55 0.30–1.03 0.06 0.72 0.36–1.47 0.37

Treatment × 
NMR

2.46 1.07–5.66 0.04 1.59 0.64–3.99 0.32

Gender 0.58 0.36–0.94 0.03 0.90 0.53–1.52 0.69

The effects of treatment site, race, age, nicotine dependence, education, and marital 
status were controlled in both models and were nonsignificant.

3HC/COT, trans-3ʹ-hydroxycotinine/cotinine; CI, confidence interval; EOT, end of 
treatment; gender (males = 1, females = 0); NMR, continuous log-transformed nicotine 
metabolite ratio; OR, odds ratio; Treatment (bupropion = 1, placebo = 0).

X

X



322 VOLUME 84 NUMBER 3 | SEPTEMBER 2008 | www.nature.com/cpt

reports

the 6-month follow-up. Specifically, bupropion boosted end- 
of-treatment quit rates from 10 to 34% in this group.

These results add to a growing body of evidence that indi-
vidual variability in the rate of nicotine metabolism influences 
smoking behavior. CYP2A6 genotype is associated with the rate 
of nicotine metabolism;3 however, for a given CYP2A6 genotype, 
there is considerable interindividual variability in the rate of 
nicotine metabolism.22 In part, this is because of unidentified 
CYP2A6 genetic variants23 and because CYP2A6 activity is also 
influenced by environmental factors such as steroid hormone 
exposure,24 smoking status,25 ethnicity,25 and age.10 Therefore, 
the phenotypic measure of NMR used in this study (reflecting 
both genetics and environmental influences) may have greater 
current utility for predicting relapse risk and tailoring treatment 
than genetic assays, which do not account for environmental 
influences. Also, the use of a simple blood test to determine the 
3HC/COT ratio may be more easily translated to clinical prac-
tice than genetic analyses of CYP2A6 polymorphisms.

Although the higher risk of relapse observed among faster 
metabolizers in the placebo-/counseling-only arms is consistent 
with the previous data from a nicotine replacement therapy trial,16 
the mechanisms that underlie this effect remain unknown. One 
might speculate that those who metabolize nicotine faster are 
more nicotine dependent; however, this hypothesis is not sup-
ported by the data from this study or by the data from our earlier 
nicotine replacement therapy trial.16 Moreover, the models of 
smoking abstinence in this study include nicotine dependence as 
a covariate, suggesting that effects of the metabolite ratio on absti-
nence are independent of nicotine dependence level. Yet, nicotine 
dependence is a complex, multidimensional construct, and other 
measures may better capture specific elements of dependence. 
Recent data indicate that the nicotine metabolite ratio correlates 
significantly with a particular subcomponent of nicotine depen-
dence among current smokers, namely the propensity to expe-
rience cravings to smoke.26 Human laboratory and naturalistic 
investigations of slow and rapid metabolizers that elucidate the 
mechanisms of the effect of the NMR on quitting success are war-
ranted. Such research could identify novel targets for smoking 

cessation treatment in smokers at high risk for relapse.
In addition to providing novel evidence for the effects of 

NMR on relapse risk, this study provides strong support for the 
benefits of using bupropion treatment for the fastest metabo-
lizers. These data also indicate that slow metabolizers perform 
well with counseling-only and achieve no further benefit from 
bupropion. The CYP2A6 genotype is unrelated to bupropion 
metabolism,27 thereby suggesting that the observed difference in 
bupropion response in relation to the nicotine metabolite ratio 
does not reflect a direct biological interaction with the medication. 
Because fast metabolizers of nicotine do not benefit from trans-
dermal nicotine or nicotine nasal spray,16 the significant benefits 
of bupropion in this group are most likely attributable to the fact 
that bupropion is an efficacious non-nicotine medication.

This study has some limitations that should be noted. First, 
blood samples for analysis of the nicotine metabolite ratio were 
not available for 135 of the trial participants, most of whom were 
from one study site. However, there was no evidence for bias in 
treatment assignment or outcome based on sample availability. 
Second, the study population was not sufficiently large to test 
whether the effects of the metabolite ratio on abstinence are modi-
fied by gender or race, two factors known to influence the rate of 
nicotine metabolism.10,24,28

This study provides new evidence that the nicotine metabo-
lite ratio can provide a simple pretreatment assay to identify 

Figure 1 Smoking cessation rates by nicotine metabolite ratio and at the end 
of treatment and at 6-month follow-up (N = 414). Qrtl, quartile.
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table 2 multivariate logistic regression analysis of smoking 
abstinence by quartiles of 3Hc/cot ratio, treatment, and 
treatment effects within quartiles (N = 414)

abstinence at eoT abstinence at 6 months

or 95% Ci P or 95% Ci P

1st NMR  
quartile 
(reference)

1.00 — — 1.00 — —

2nd NMR 
quartilea

0.74 0.31–1.76 0.50 0.97 0.36–2.61 0.96

3rd NMR 
quartilea

0.57 0.23–1.42 0.23 0.72 0.26–2.03 0.54

4th NMR  
quartilea

0.27 0.09–0.80 0.02 0.36 0.10–1.24 0.10

Treatment: 1st 
NMR quartileb

1.01 0.43–2.38 0.98 1.50 0.57–3.92 0.41

Treatment: 2nd 
NMR quartileb

1.26 0.52–3.06 0.62 1.87 0.73–4.82 0.19

Treatment: 3rd 
NMR quartileb

1.82 0.72–4.58 0.20 1.71 0.63–4.68 0.29

Treatment: 4th 
NMR quartileb

4.84 1.61–14.55 0.005 4.48 1.34–14.97 0.02

Gender 0.60 0.37–0.97 0.04 0.97 0.57–1.63 0.91

The effects of treatment site, race, age, nicotine dependence, education, and marital 
status were controlled in both models and were nonsignificant.

3HC/COT, trans-3ʹ-hydroxycotinine/cotinine; CI, confidence interval; EOT, end of 
treatment; gender (males = 1, females = 0); NMR = quartiles of nicotine metabolite 
ratio; OR, odds ratio; treatment (bupropion = 1, placebo = 0; within each quartile 
group).
aOdds of abstinence in NMR quartile relative to 1st quartile (slow metabolizers) 
reference group. bEffect of bupropion vs. placebo on abstinence within each of the 
four quartile groups.
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smokers who are most and least likely to benefit from differ-
ent treatments for tobacco dependence. The translation of 
these findings into practice will be aided by data supporting 
the cost-effectiveness of tailoring the treatment on the basis 
of the nicotine metabolite ratio. Data from future prospective 
trials, comparing conventional (randomized) treatment with 
personalized treatment based on this pretreatment biomarker, 
would also help in the practical application of these findings. 
Such research has the potential to improve the outcomes of 
treatment for individual smokers, thereby reducing avoidable 
mortality from tobacco use.

metHodS
design overview. The study was a placebo-controlled, randomized trial 
that examined the efficacy of standard course of bupropion for smok-
ing cessation.

Setting and participants. Participants were enrolled at Georgetown 
University (Washington, DC), and the State University of New York at 
Buffalo (Buffalo, NY) between May 1999 and September 2001. Study pro-
cedures for both the institutions were approved by Institutional Review 
Board, and the trial is registered at http://www.clinicaltrials.gov. All eligi-
ble participants provided written informed consent before participation. 
Eligible smokers were aged 18–65 and smoked at least 10 cigarettes per 
day in the last year. Standard exclusion criteria for bupropion treatment 
were used. Additional information about the methods and procedures 
used in this trial can be found in previous publications.17–19,29

The flow of study participants is shown in Figure 2. Initially, 729 people 
were screened for medical and psychiatric eligibility, and from this group, 
670 people were randomized (341 bupropion, 329 placebo). A total of 

327 participants were enrolled at Georgetown and 343 at the University 
of Buffalo. A total of 115 participants withdrew before provision of a 
blood sample (56 bupropion, 59 placebo), resulting in a sample of 555 
who initiated treatment. Of the 555 who entered treatment, pretreat-
ment blood samples were unavailable for 135 subjects (70 bupropion, 
65 placebo), precluding assessment of the 3HC/COT ratio. In addition, 
six participants had missing data on covariates of interest (5 bupropion, 
1 placebo). The resulting sample included 414 participants (210 bupro-
pion, 204 placebo) with data for analysis of the nicotine metabolite ratio. 
Participants who dropped out during the treatment period are included 
in the analysis (52 bupropion, 54 placebo).

To determine whether sample availability biased the study results, miss-
ing samples of participants (n = 135) were compared with those for whom 
samples were available (N = 414). Analyses were stratified using study site, 
because the majority of missing samples were from one study site. There 
were no significant differences in treatment assignment, demographic 
variables, baseline smoking rate, or quitting success between the two 
participant groups (P > 0.10 for both).

randomization and interventions. Participants were randomly assigned 
to receive 10 weeks of placebo or bupropion, which was initiated at week 
1 and delivered according to standard therapeutic dose (150 mg/day for 
the first 3 days, followed by 150 mg/day b.i.d.). The target quit date for all 
participants was week 3 of treatment. Masters’ level smoking cessation 
counselors provided seven 1-h sessions of standardized group behavio-
ral counseling on a weekly basis from study week 1 until study week 5 
and then biweekly in study weeks 7 and 9. Counseling initially focused 
on planning for cessation (e.g., identification of triggers to smoke) and 
participants were instructed to reduce smoking rate in the first 2 weeks 
before the target quit date. Later sessions focused on stress management 
and relapse prevention. Smoking status was assessed and biochemically 
confirmed (saliva COT <15 ng/ml) at all counseling sessions, at the end 
of treatment (week 11), and at 6-month follow-up.

Figure 2 Participant flow. *Participants included in analysis.
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The study database manager generated the allocation sequence and 
separate randomizations were performed at each study site. Partici-
pants and research staff were blinded to treatment assignment, NMR, 
and study hypotheses. Following the pretreatment assessment, par-
ticipants provided a blood sample for analysis of nicotine metabolites 
(see “Assessments” below).

assessments.
Covariates: Participants self-reported their demographic characteristics 
(e.g., age and race) and smoking history at baseline. The Fagerström 
test of nicotine dependence, a six-item self-report measure of nicotine 
dependence,21 was also completed.

Predictor: The primary predictor variable was the 3HC/COT ratio 
 measured in plasma from blood samples collected before treatment 
(i.e., baseline smoking state). The 3HC/COT ratio reflects CYP2A6 
activity,5,6 is correlated with nicotine metabolism and clearance,3,14 and 
is independent of time since last cigarette.12–14 Plasma concentrations of 
COT and 3HC were measured by high-performance liquid chromatogra-
phy–tandem mass spectrometry; nicotine concentrations were assessed 
using gas chromatography with nitrogen phosphorous detection.14

Outcome: Self-reported 7-day point prevalence abstinence at the end of 
treatment and at 6 months following the quit date was biochemically 
verified with saliva COT.30 Participants with a COT ≥15 ng/ml at the 
end of treatment and 6 months were deemed smokers.30 As per conven-
tion, participants were assumed to be smoking if they self-reported to 
be smoking or could not be reached for biochemical confirmation of 
smoking status.30

Treatment-related variables: An 18-item withdrawal symptom checklist 
(e.g., cravings, irritability, difficulty in concentration, and increased 
 hunger) was administered at baseline and at all study visits.31 Two items 
validated in previous research32 were used to assess urges to smoke at 
each time point. Side effects were assessed using a 17-item list of physical 
complaints possibly related to bupropion (e.g., headache and dry mouth) 
that was administered at sessions two through seven. A summary score 
for each time point was generated by totaling the responses to all items.17 
To evaluate treatment adherence, a self-reported pill count was obtained 
at all study visits.

Statistical analysis. The detectable difference was determined using 
Power and Sample Size (NCSS Software, East Kaysville, UT). To pro-
vide 80% power to detect an OR ≥ 3.5 for the interaction of the con-
tinuous nicotine metabolite ratio with treatment assignment, a sample 
size of 402 would be required.

Participant characteristics were evaluated (e.g., demographics, smok-
ing history, and metabolite ratio) using descriptive statistics. Because 
the nicotine metabolite ratio distribution was skewed, a log-transformed 
measure of the nicotine metabolite ratio was used to assess associations 
of the continuous measure with baseline smoking variables.

The effect of the nicotine metabolite ratio on abstinence and response 
to therapy was assessed in two steps. First, we tested for the effects of 
the continuous log-transformed metabolite ratio using logistic regres-
sion; terms for treatment and the ratio by treatment interaction were 
included. Second, to facilitate interpretation of ratio effects and to identify 
subgroups of responders and nonresponders based on the ratio, a model 
was generated using a quartile variable for the ratio. Terms for age and 
nicotine dependence (which includes cigarettes per day) were included in 
the models as both these variables predicted study retention (see results 
above). Marital status and education were also included because these 
variables differed by treatment assignment (see results above). Study site 
was included because of site differences in sample availability. Gender and 
race were also included as covariates of a priori interest, on the basis of 
gender and race differences in NMR.10,24,28 Separate logistic regression 
models were run for abstinence at the end of treatment and 6-month 
follow-up.

Potential mechanisms of effects of the nicotine metabolite ratio were 
examined using one-way analysis of variance in which the nicotine 
metabolite quartile was the independent variable. Outcome measures 
included changes in withdrawal and smoking urges from 1-week prequit 
to 1-week post quit, average side effects for the first 2 weeks of treatment 
(prequit), and average pill counts for the duration of  treatment.

acknowledgmentS
The authors thank Raymond Niaura, Lisa Yu, and Susan Ware for 
their contributions to this study and manuscript. CL (Study Principal 
Investigator and corresponding author for this manuscript) had full 
access to all the data in the study and takes responsibility for the integrity 
of the data and the accuracy of the data analysis. This research was 
funded by a grant from the National Cancer Institute (RO1 CA 63562, 
CL) and a Transdisciplinary Tobacco Use Research Center grant from the 
National Cancer Institute and National Institutes on Drug Abuse CA/
DA P5084718 (CL). Study medication was provided by GlaxoSmithKline. 
Contributing authors are funded by grants from the PHS grants DA02277, 
DA12393, CA078703, and the UCSF Comprehensive Cancer Center 
(NB). RT is supported by CAMH and a Canada Research Chair. The study 
sponsor had no input in the design and conduct of the study; collection, 
management, analysis, and interpretation of the data; preparation, 
review, or approval of the manuscript.

conFlict oF intereSt
GlaxoSmithKline markets the study medication, bupropion. Dr Lerman has 
worked as a consultant for pharmaceutical companies that market smoking 
cessation medications, including GlaxoSmithKline. Dr Benowitz has been 
a paid consultant for pharmaceutical companies that market smoking 
cessation medications. He has also provided expert testimony in litigation 
against tobacco companies. Dr Tyndale holds shares in Nicogen (Toronto, 
Ontario, Canada), a company focused on creating novel smoking cessation 
treatments. Dr Epstein has worked as a consultant with Kraft foods. No 
funding was received from GlaxoSmithKline, Nicogen, or Kraft foods for this 
study. The other authors have no potential conflicts to report.

© 2008 American Society for Clinical Pharmacology and Therapeutics

reFerenceS
1. Gurwitz, D. & Weizman, A. Personalized psychiatry: a realistic goal. 

Pharmacogenomics 5, 213–217 (2004).
2. Langheier, J.M. & Snyderman, R. Prospective medicine: the role for genomics 

in personalized health planning. Pharmacogenomics 5, 1–8 (2004).
3. Malaiyandi, V., Lerman, C., Benowitz, N.L., Jepson, C., Patterson, F. &  

Tyndale, R.F. Impact of CYP2A6 genotype on pretreatment smoking 
behaviour and nicotine levels from and usage of nicotine replacement 
therapy. Mol. Psychiatry 11, 400–409 (2006).

4. Lee, A.M. et al. CYP2B6 genotype alters abstinence rates in a bupropion 
smoking cessation trial. Biol. Psychiatry 62, 635–641 (2007).

5. Nakajima, M. et al. Characterization of CYP2A6 involved in 3ʹ-hydroxylation of 
cotinine in human liver microsomes. J. Pharmacol. Exp. Ther. 277, 1010–1015 
(1996).

6. Messina, E.S., Tyndale, R.F. & Sellers, E.M. A major role for CYP2A6 in nicotine 
C-oxidation by human liver microsomes. J. Pharmacol. Exp. Ther. 282, 
1608–1614 (1997).

7. Schoedel, K.A., Hoffmann, E.B., Rao, Y., Sellers, E.M. & Tyndale, R.F. Ethnic 
variation in CYP2A6 and association of genetically slow nicotine metabolism 
and smoking in adult Caucasians. Pharmacogenetics 14, 615–626 (2004).

8. Fujieda, M. et al. Evaluation of CYP2A6 genetic polymorphisms as 
determinants of smoking behavior and tobacco-related lung cancer risk in 
male Japanese smokers. Carcinogenesis 25, 2451–2458 (2004).

9. Gu, D.F., Hinks, L.J., Morton, N.E. & Day, I.N. The use of long PCR to confirm 
three common alleles at the CYP2A6 locus and the relationship between 
genotype and smoking habit. Ann. Hum. Genet. 64, 383–390 (2000).

10. Johnstone, E. et al. Determinants of the rate of nicotine metabolism and 
effects on smoking behavior. Clin. Pharmacol. Ther. 80, 319–330 (2006).

11. Mwenifumbo, J.C., Sellers, E.M. & Tyndale, R.F. Nicotine metabolism and 
CYP2A6 activity in a population of black African descent: impact of gender 
and light smoking. Drug Alcohol Depend. 89, 24–33 (2007).

12. Lea, R.A., Dickson, S. & Benowitz, N.L. Within-subject variation of the salivary 
3HC/COT ratio in regular daily smokers: prospects for estimating CYP2A6 



CliniCal pharmaCology & TherapeuTiCs | VOLUME 84 NUMBER 3 | SEPTEMBER 2008 325

reports

enzyme activity in large-scale surveys of nicotine metabolic rate. J. Anal. 
Toxicol. 30, 386–389 (2006).

13. Benowitz, N.L., Pomerleau, O.F., Pomerleau, C.S. & Jacob, P. 3rd. Nicotine 
metabolite ratio as a predictor of cigarette consumption. Nicotine Tob. Res. 5, 
621–624 (2003).

14. Dempsey, D. et al. Nicotine metabolite ratio as an index of cytochrome P450 
2A6 metabolic activity. Clin. Pharmacol. Ther. 76, 64–72 (2004).

15. Levi, M., Dempsey, D.A., Benowitz, N.L. & Sheiner, L.B. Prediction methods for 
nicotine clearance using cotinine and 3-hydroxy-cotinine spot saliva samples 
II. Model application. J. Pharmacokinet. Pharmacodyn. 34, 23–34 (2007).

16. Lerman, C. et al. Nicotine metabolite ratio predicts efficacy of transdermal 
nicotine for smoking cessation. Clin. Pharmacol. Ther. 79, 600–608 (2006).

17. Lerman, C. et al. Role of functional genetic variation in the dopamine D2 
receptor (DRD2) in response to bupropion and nicotine replacement 
therapy for tobacco dependence: results of two randomized clinical trials. 
Neuropsychopharmacology 31, 231–242 (2006).

18. Lerman, C. et al. Effects of dopamine transporter and receptor polymorphisms 
on smoking cessation in a bupropion clinical trial. Health Psychol. 22, 541–548 
(2003).

19. Lerman, C. et al. Pharmacogenetic investigation of smoking cessation 
treatment. Pharmacogenetics 12, 627–634 (2002).

20. Hughes, J.R., Stead, L.F. & Lancaster, T. Antidepressants for smoking cessation. 
Cochrane Database Syst. Rev. 1, CD000031 (2007).

21. Heatherton, T.F., Kozlowski, L.T., Frecker, R.C. & Fagerstrom, K.O. The 
Fagerstrom Test for Nicotine Dependence: a revision of the Fagerstrom 
Tolerance Questionnaire. Br. J. Addict. 86, 1119–1127 (1991).

22. Benowitz, N.L., Swan, G.E., Jacob, P. 3rd, Lessov-Schlaggar, C.N. & Tyndale, R.F. 
CYP2A6 genotype and the metabolism and disposition kinetics of nicotine. 
Clin. Pharmacol. Ther. 80, 457–467 (2006).

23. Swan, G.E., Benowitz, N.L., Lessov, C.N., Jacob, P. 3rd, Tyndale, R.F. & 
Wilhelmsen, K. Nicotine metabolism: the impact of CYP2A6 on estimates of 
additive genetic influence. Pharmacogenet. Genomics 15, 115–125 (2005).

24. Benowitz, N.L., Lessov-Schlaggar, C.N., Swan, G.E. & Jacob, P. 3rd. Female sex 
and oral contraceptive use accelerate nicotine metabolism. Clin. Pharmacol. 
Ther. 79, 480–488 (2006).

25. Mwenifumbo, J.C. & Tyndale, R.F. Genetic variability in CYP2A6 and the 
pharmacokinetics of nicotine. Pharmacogenomics 8, 1385–1402 (2007).

26. Piper, M.E., McCarthy, D.E., Bolt, D.M., Smith, S.S., Lerman, C. & Benowitz, N. 
Assessing dimensions of nicotine dependence: an evaluation of the Nicotine 
Dependence Syndrome Scale (NDSS) and the Wisconsin Inventory of 
Smoking Dependence Motives (WISDM). Nicotine Tob. Res. (in press).

27. Lee, A.M., Jepson, C., Shields, P.G., Benowitz, N., Lerman, C. & Tyndale, R.F. 
CYP2B6 genotype does not alter nicotine metabolism, plasma levels, or 
abstinence with nicotine replacement therapy. Cancer Epidemiol. Biomarkers 
Prev. 16, 1312–1314 (2007).

28. Benowitz, N.L., Perez-Stable, E.J., Herrera, B. & Jacob, P. 3rd. Slower metabolism 
and reduced intake of nicotine from cigarette smoking in Chinese-Americans. 
J. Natl. Cancer Inst. 94, 108–115 (2002).

29. Lerman, C. et al. Mediating mechanisms for the impact of bupropion in 
smoking cessation treatment. Drug Alcohol Depend. 67,219–223 (2002).

30. Society for Research on Nicotine & Tobacco Subcommittee on Biochemical 
Verification. Biochemical verification of tobacco use and cessation. Nicotine 
Tob. Res. 4, 149–159 (2002).

31. Hughes, J.R. & Hatsukami, D. Signs and symptoms of tobacco withdrawal. 
Arch. Gen. Psychiatry 43, 289–294 (1986).

32. Killen, J.D. & Fortmann, S.P. Craving is associated with smoking relapse: 
findings from three prospective studies. Exp. Clin. Psychopharmacol. 5, 
137–142 (1997).


	Toward Personalized Therapy for Smoking Cessation: A Randomized Placebo-controlled Trial of Bupropio
	Abstract
	Characteristics of the participants 
	Associations of nicotine metabolite ratio with baseline smoking-related variables 
	Association of nicotine metabolite ratio with smoking cessation 
	Association of the nicotine metabolite ratio with treatment-related variables 
	Methods
	Design overview
	Setting and participants
	Randomization and interventions
	Assessments
	Statistical analysis



