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Abstract
AIMS—The purpose of this study was to determine the association between the nicotine
metabolic rate and smoking behavior, including addiction, in adolescent smokers.

DESIGN—Baseline data from a prospective study of adolescent smoking behaviors and nicotine
metabolism.

SETTING—The setting was an outpatient university hospital in San Francisco.

PARTICIPANTS—Adolescent smokers (n=164) aged 13–17 years old.

MEASUREMENTS—Participants completed self-report measures of smoking behavior and
nicotine dependence (modified Fagerström Tolerance Questionnaire, mFTQ). The nicotine
metabolite ratio (NMR), a phenotypic marker of the rate of nicotine metabolism, was calculated
using the ratio of concentrations of deuterium-labeled 3’-hydroxycotinine to cotinine-d4.

FINDINGS—Participants reported smoking a mean of 2.86 cigarettes per day (CPD) (median=
1.78, SD=3.35) for 1.37 years (median= 1.0, SD=1.36). Results from multivariate analyses
accounting for age, race/ethnicity, gender and duration of smoking indicated that slower
metabolizers smoked more CPD than faster metabolizers (the NMR was inversely related to CPD;
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p=.02). Slower metabolizers also showed greater dependence on the mFTQ (NMR was negatively
associated with the mFTQ; p=.02).

CONCLUSIONS—In adolescence, slower clearance of nicotine may be associated with greater
levels of addiction, perhaps mediated by a greater number of cigarettes smoked.

INTRODUCTION
Many adolescents experiment with cigarette smoking, yet only some become addicted (1). It
is likely that a combination of biologic and social factors underlie why some adolescents are
more susceptible to addiction than others. The finding that genetic factors account for
roughly 70% of the variance in nicotine dependence in adults supports some type of biologic
vulnerability (2). One factor that may account for a portion of the variability in vulnerability
to nicotine addiction is the rate of nicotine metabolism in the individual.

Addicted adult smokers smoke cigarettes to achieve levels of nicotine adequate to produce
desired psychopharmacologic effects, such as fending off nicotine withdrawal (3); they
adjust their smoking behavior to compensate for changes in the availability of nicotine or in
the rate of elimination of nicotine from the body (4, 5). Thus, one would predict that those
who metabolize nicotine more quickly will need to smoke more and will develop greater
dependence. Indeed, in some (6–9) but not all (10–12) studies of adult smokers, genetically
slower metabolizers of nicotine smoke fewer cigarettes per day. In addition, since the
proportion of slower metabolizers decreases with increasing age of smoking, slower
metabolizers appear to be more likely to quit than individuals with faster metabolism (9).
Furthermore, because smokers with slow metabolism are under-represented among addicted
smokers, some researchers have suggested that slower metabolizers are less likely to become
addicted to nicotine (6–8). However, although it seems plausible that nicotine metabolism
may affect smoking behaviors in adult smokers, the influence of nicotine metabolism during
adolescence, when the development of nicotine dependence is most likely to occur, is less
clear.

There have been few studies looking at the rate of nicotine metabolism as a mediator of
dependence during adolescence, and these studies have yielded conflicting results (13–17).
Nicotine is metabolized primarily by the liver enzyme CYP2A6. When looking at the effects
of nicotine metabolism on the development of addiction in adolescent smokers, O’Loughlin
and colleagues (14) reported that adolescents with CYP2A6 alleles associated with slower
metabolism of nicotine were at increased risk of becoming nicotine dependent. In contrast,
Audrain-McGovern and colleagues (13) found that adolescents with a genetic profile
consistent with normal nicotine metabolism (wild type CYP2A6) progressed to nicotine
dependence (defined by the mFTQ) more quickly than slower metabolizers.

Several possible reasons exist for the discrepant results, including differing phenotypic
definitions of addiction across studies, different genotypic markers of metabolism, and
different measures of addiction (18). The majority of studies of adolescent nicotine
metabolism focused on polymorphisms of the CYP2A6 gene, which, when present, are
associated with slower nicotine metabolism (13, 14, 19). A limitation of using genotypic
markers for metabolic rate is that nicotine metabolism is affected differently by the many
functionally significant polymorphisms of the CYP2A6 gene (20). Moreover, nicotine
metabolism can be affected by other factors, including other genes (e.g., CYP2B6 and
CYP2E1) and environmental factors, such as medications (e.g., oral contraceptives) (21, 22).
Thus, even smokers with wild type CYP2A6genes, who are nominally normal metabolizers,
demonstrate more than four-fold variability in the rate of nicotine metabolism (9).
Measurement of the rate of nicotine metabolism using phenotypic measures rather than
genetic markers will capture the integrated contribution from these other influences (23, 24).
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One way of measuring nicotine metabolism is to use the nicotine metabolite ratio (NMR).
The NMR is the ratio of the nicotine metabolites 3’-hydroxycotinine (3HC) to cotinine. The
metabolism of cotinine to 3HC is mediated largely or entirely by CYP2A6. Since nicotine is
also primarily metabolized by CYP2A6, the NMR reflects the rate of nicotine metabolism
(25, 26). Cotinine levels are relatively stable throughout the day in daily smokers, and
because concentrations of 3HC are formation-limited, the ratio of 3HC/cotinine also remains
stable (9). The NMR reflects the rate of in-vivo nicotine clearance (27), such that the higher
the NMR, the greater the nicotine clearance (28). A limitation of NMR based on cotinine
and 3HC derived from nicotine in tobacco is its interpretation in intermittent smokers, who
do not have stable levels of cotinine. Adolescent smokers are often opportunistic smokers
and smoke intermittently. Consequently, their levels of cotinine can fluctuate considerably
throughout the week and even within the day. Therefore, other methods of assessing nicotine
metabolism are needed. In this study, we used administration of deuterium-labeled cotinine
to more directly assess metabolism.

Determining how adolescent smoking is affected by the rate of nicotine metabolism may
help to identify individuals who are more susceptible to developing nicotine addiction. In
addition, studying these effects in adolescent smokers can offer insight into the effects of
nicotine metabolism on this crucial stage on the smoking continuum. For example, one
might expect slower metabolizers to be less likely to progress to heavier, more dependent
smoking because they retain nicotine longer, resulting in higher levels and potentially more
adverse effects of nicotine. Conversely, faster metabolizers who clear nicotine quickly might
be expected to smoke more cigarettes per day and to accelerate their smoking more quickly.
The purpose of this study was to assess the effects of nicotine metabolism on cigarettes
smoked per day and nicotine dependence in adolescent smokers. Based on adult smoking
data, we hypothesized that faster metabolizers would smoke a greater numbers of cigarettes
per day and would report higher levels of addiction.

METHODS
Participants

As part of an ongoing longitudinal study of the effects of nicotine metabolism on smoking
trajectory, 164 adolescent (aged 13–7) smokers (smoking at least once a month, but less than
5 cigarettes a day) were recruited from San Francisco Bay area high schools and pediatric
clinics using fliers and online advertising. Individuals interested in joining the study
contacted study personnel via phone, e-mail, text messaging, or social media. Study staff
screened interested individuals for admission criteria. We chose to focus on adolescents who
smoked fewer than 5 cigarettes per day in order to capture potential increases in smoking
over the duration of the three-year study.

Potential participants needed be able to attend a 9-hour outpatient hospital visit, needed to be
healthy (i.e., no chronic diseases), and had to tell their parent/legal guardian about the study.
To help ensure confidentiality for the participants, a small number of “non-smoker” spaces
were available to allow participants to join the study without disclosing their smoking status
to the parent or legal guardian. Exclusion criteria included using any type of nicotine
replacement therapy (NRT) in the past week and being, or attempting to become, pregnant.
No participants were excluded due to NRT use or pregnancy. Participants were paid $100
for the 9-hour hospital visit.

Informed Consent
The research design and procedures were reviewed and approved by the University of
California Institutional Review Board. Informed, written assent from the adolescent subject
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and consent from one parent were obtained for each subject before data collection. Study
staff reviewed the study procedures with eligible individuals, as well as with the person’s
parent/legal guardian. Initial discussion regarding study requirements took place over the
telephone. At this time study procedures, including saliva and urine collection, survey
administration, and expectations for the outpatient hospital stay (participant must refrain
from smoking, must remain in the hospital unit, etc.) were clarified. Finally, any questions
the participant or the parent/legal guardian had were answered and a baseline appointment
was set up. On the day of the baseline appointment, all study procedures were reviewed
again, additional questions answered, and all consent/assent forms signed.

Experimental Procedures
Participants were instructed to present to the Pediatric Clinical Research Center at UCSF at
approximately 9 A.M. for a 9-hour outpatient hospital visit. Participants were allowed to
smoke up until their visit but were instructed that smoking would not be permitted during
the visit.

Female participants were screened for pregnancy with urine pregnancy testing. Participants
completed the baseline survey, which included questions about demographics, including
ethnicity (classified categorically as white, African-American, Hispanic, Asian, and Other),
and smoking behaviors, including the frequency and quantity of cigarette smoking and the
types of cigarettes smoked. They were asked when they first tried smoking, when they first
smoked a whole cigarette, and when they began smoking regularly. Participants completed
the modified Fagerström Tolerance Questionnaire (mFTQ)(29) scale to measure nicotine
dependence.

To avoid the potential variability in NMR related to non steady-state levels of cotinine
derived from natural nicotine in light and intermittent smokers, deuterium-labeled cotinine
(cotinine-d4) was administered (30). Using this technique, it was possible to reliably capture
the rate of nicotine clearance in very light intermittent smokers. Importantly, there is no
difference in the metabolic breakdown of natural cotinine and labeled cotinine (e.g.,
cotinine-d4) and neither is affected by the presence or absence of nicotine (31). The use of
deuterium-labeled cotinine allowed similar comparisons across all levels of smoking since
we only measured the labeled cotinine and its labeled metabolite.

Participants were given 2 mg of orally administered deuterium-labeled cotinine (cotinine-d4)
solution (30). Eight hours post cotinine administration, a saliva sample was obtained from
the participants for measurement of the cotinine-d4 and deuterium-labeled 3’-
hydroxycotinine (3HC-d4). Cotinine-d4 and 3HC-d4 were measured using liquid
chromatography-tandem mass spectrometry (32). The NMR was then calculated from the 8-
hour salivary sample using the deuterium-labeled 3HC (3HC-d4) to cotinine-d4 ratio (27).

Data Analyses
Mean cigarettes smoked per day was calculated using the sum of usual number of cigarettes
smoked during each day of the week and dividing by seven. Descriptive univariate analyses
of all variables were performed using means and standard deviations. We analyzed the
relationship of NMR, CPD and mFTQ to demographic factors, including age, gender, race/
ethnicity.

Finally, we conducted separate regression analyses predicting cigarettes per day (CPD) and
mFTQ score (each square-root transformed to reduce skewness) from nicotine metabolism
as measured by the NMR. The models also included the potential confounding variables of
age, gender, race/ethnicity, and duration of smoking. We then performed backward selection
using the Akaike information criterion (AIC) to drop non-contributing variables from the
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models; the resulting models are reported as the adjusted models. Because the mFTQ also
contains information about smoking rate (CPD), we also re-ran the equation predicting
mFTQ while removing CPD from the mFTQ scoring.

RESULTS
Two hundred three adolescents were screened, 170 were found to be eligible and 164
participated. The participating sample had a mean age of 16.1 years (SD=0.96) and was
66.5% female (N=109; see Table 1). The participants’ race/ethnicity was diverse with 44
(26.8%) participants reporting their race as White, 32 (19.5%) as African American, 31
(18.9%) as Hispanic, 10 (6.1%) as Asian, 5 (3%) as “Other” and 42 (25.6%) as more than
one race.

On average, participants reported smoking 2.86 cigarettes per day (median= 1.78, SD=3.35)
and smoked for a mean of 1.37 years (median= 1.0, SD=1.36). Although on telephone
screening we used inclusion criteria of smoking at least 1 cigarette per month but fewer than
5 CPD, for eligibility, 30 (18%) adolescents reported smoking 5–10 CPD and 7 (4%)
reported smoking 10–20 CPD on the self-administered questionnaire. Forty-three (26%)
participants reported smoking daily. Mean score on the mFTQ was 2.61 (median= 2.0,
range= 0–7, SD=1.49). Duration of smoking (e.g., years since smoking first cigarette) was
also correlated with CPD (r=.24, p=.01) and the mFTQ (r=36, p=<.001). Mean NMR value
was 0.17 (SD=.094, median= .16, range= .03–.57; see Figure 1). There were no significant
differences in the mean number of cigarettes smoked per day (p= .92) or scores on the
mFTQ (p= .71) when comparing racial or ethnic groups.

There was no difference in NMR between males and females (p=.70). Whites had faster
rates of metabolism as measured by the NMR than did Blacks/African Americans (p<.01)
and Asians. No differences were seen between Whites and Hispanics (p=.44) or adolescents
of mixed race (p=.10). Hispanics also had faster rates of metabolism than African Americans
(p=.03) and Asians (p=.01).

NMR and Cigarettes per Day
There was no significant difference in NMR between the daily and the non-daily smokers.
However, there was a trend toward daily smokers metabolizing more slowly than non-daily
smokers (12 versus .18, p=.07). In the multivariate analyses, NMR was inversely related to
CPD, such that faster metabolizers smoked fewer CPD (see Table 2). That is, every 1-point
increase in NMR was associated with a decrease of 3.61 (1.92) cigarettes per day, after
adjusting for gender and duration of smoking.

NMR and Addiction
NMR was negatively associated with the mFTQ such that the faster the rate of metabolism,
the lower the score on the mFTQ (see Table 3). When the mFTQ analyses were recalculated
without including CPD in the mFTQ scoring, the associations with NMR remained similar
(Estimate=−1.01, p=.01).

DISCUSSION
Contrary to our hypothesis, slower metabolizers actually smoked more cigarettes per day
and had higher addiction scores than did faster metabolizers. The finding of increased
cigarettes per day among slower metabolizers is the opposite of findings in some other
studies of adolescent smokers (13, 19) and most studies of adult smokers (28, 33, 34).
Specifically, in other studies, faster rates of nicotine clearance are generally associated with
greater numbers of cigarettes smoked per day (13, 19, 35). Our finding of an association
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between slower metabolism using the NMR and higher addiction scores is also novel. To the
best of our knowledge, no studies of smokers have reported significant associations between
the NMR and addiction scores. It is worth noting that most of the participants had relatively
low scores on the mFTQ. However, evidence suggests that similar measures are valid down
to extremely low levels of dependence, as demonstrated by Shiffman and colleagues (36,
37), who found meaningful and measurable variations in dependence even among very light
and intermittent smokers.

Our findings suggest that among adolescent smokers very early in their smoking career,
those with faster metabolism have not yet begun to compensate for their increased nicotine
clearance by increasing the number of cigarettes smoked per day, as has been observed
among older addicted smokers. Furthermore, given that this group is clearing nicotine more
quickly, it is likely that their brains are being exposed to smaller amounts of nicotine per
cigarette compared to slower metabolizers. Conversely, the brains of slower metabolizers
are exposed to greater amounts of nicotine for a longer period of time, and thus may be more
likely to develop symptoms of addiction at this early stage of smoking. In other words, the
slower inactivation and resultant increased levels of nicotine may increase susceptibility to
dependence by increasing nicotine exposure and nicotine effects on the developing brain in
teens.

The fact that gender remained in the model for the association of CPD with NMR was not
surprising since males smoked more CPD in our sample. However, there were no gender
differences in NMR. Duration of smoking remained in the models for both associations of
NMR with CPD and mFTQ. This makes conceptual sense since, in general, the longer an
adolescent has been smoking the greater the likelihood of increasing the quantity of
cigarettes smoked and the level of addiction reported.

There are no immediate comparison studies since, to the best of our knowledge, this is the
first study to employ labeled cotinine as a means of measuring the NMR in adolescent
smokers. However, when looking at the effect of metabolism on CPD, other studies in
adolescent smokers had results similar to the adult findings, in that slower metabolizers
reported smoking fewer CPD (13, 14, 16). Because these studies used different methods
from the current study (e.g., two used genotyping and one used already addicted adolescent
smokers), it is not possible to accurately compare these groups with the participants in the
current study.

An explanation for the disparity in findings presented in some of these studies and our study
is our use of the NMR rather than genotype. Using this method, we captured a more
complete picture of the nicotine metabolic rate by encompassing more polymorphic alleles
and other environmental factors that may contribute to nicotine metabolism, but that are not
measured by genotyping alone. By using the NMR rather than focusing on specific
genotypes, we were able to account for these differences and thus may have a wider range of
faster and slower metabolizers.

The discrepancy between our findings and those among adults cannot be explained by the
fact that adults smoke more cigarettes per day and have been smoking for longer; since
neither the duration of adolescents’ smoking nor how many cigarettes they smoked
influenced the direction of our findings. Further, existing research demonstrates that the
half-life of cotinine is similar across age groups (38, 39), suggesting that early adolescents
are unlikely to have different rates of nicotine metabolism compared with adults. As
indicated by a growing body of literature in both human and rodent models (40–44), it is
possible that there is something unique about this period of brain development that
influences an adolescent’s response to nicotine exposure.
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CONCLUSION
While it is likely that the rate of nicotine metabolism influences smoking patterns and the
severity of addiction, it may impact differently at different stages (e.g., adolescent versus
adult) of smoking. Our results suggest that during adolescence, slower clearance of nicotine
may promote rather than impede the development of addiction, perhaps mediated by higher
levels of nicotine exposure per cigarette. More studies are needed to confirm these findings.
The current findings highlight the importance of studying smokers at various stages of
smoking progression.
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Figure 1.
Saliva 3HC-d4/cotinine-d4 ratios in the study sample.
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TABLE 1

Participant Characteristics

Participant Characteristic Smokers
(n=164)

Age (years) 16.1 ±.955

% Female 66.5%

Duration of smoking at least weekly (years) 1.37 ±1.36

Median cigarettes smoked per day 1.78

NMR (3HC-d4/cot-d4 ratio) .174 ±.094

Median mFTQ1 score 2.00

1
modified Fagerström Tolerance Questionnaire (29) (0–2= no dependence).
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