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Abstract

Rate of nicotine metabolism has been identified as an important factor influencing nicotine intake
and can be estimated using the nicotine metabolite ratio (NMR), a validated biomarker of
CYP2A6 enzyme activity. Individuals who metabolize nicotine faster (higher NMR) may alter
their smoking behavior to titrate their nicotine intake in order to maintain similar levels of nicotine
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in the body compared to slower nicotine metabolizers. There are known racial differences in the
rate of nicotine metabolism with African Americans on average having a slower rate of nicotine
metabolism compared to Whites. The goal of this study was to determine if there are racial
differences in the relationship between rate of nicotine metabolism and measures of nicotine intake
assessed using multiple biomarkers of nicotine and tobacco smoke exposure. Using secondary
analyses of the screening data collected in a recently completed clinical trial, treatment-seeking
African American and White daily smokers (10 or more cigarettes per day) were grouped into
NMR quartiles so that the races could be compared at the same NMR, even though the distribution
of NMR within race differed. The results indicated that rate of nicotine metabolism is a more
important factor influencing nicotine intake in White smokers. Specifically, Whites were more
likely to titrate their nicotine intake based on the rate at which they metabolize nicotine. However,
this relationship was not found in African Americans. Overall there was a greater step down, linear
type relationship between NMR groups and cotinine or cotinine/cigarette in African Americans,
which is consistent with the idea that differences in blood cotinine levels between the African
American NMR groups were primarily due to differences in CYP2A6 enzyme activity without
titration of nicotine intake among faster nicotine metabolizers.

Keywords

nicotine metabolism; nicotine intake; nicotine titration; biomarkers; racial differences; African
American smokers

1. INTRODUCTION

Smokers can manipulate both the number of cigarettes per day (CPD) they consume, and
how they smoke a cigarette, to titrate their nicotine intake to obtain desired rewards and
prevent withdrawal symptoms.1~2 Furthermore, differences in rates of nicotine metabolism
have been found to affect nicotine intake. Approximately 70-80% of nicotine is metabolized
into cotinine by the liver enzyme CYP2A6.3 Cotinine is also metabolized via CYP2AB to
trans-3’ hydroxycotinine (3HC). The ratio of metabolite to parent (3HC/cotinine), termed the
nicotine metabolite ratio (NMR) is a validated biomarker for CYP2A6 activity.* A higher
NMR indicates greater CYP2A6 enzyme activity (i.e., faster rate of nicotine metabolism).
Previous research indicates that individuals with faster versus slower rates of nicotine
metabolism smoke more cigarettes per day.>~" Additionally, individuals who metabolize
nicotine faster may alter their nicotine intake by smoking cigarettes more intensively
compared to slow metabolizers, who can take in less nicotine to maintain the same nicotine
levels in the body.8— This would suggest that smokers in general are titrating their nicotine
intake to maintain desired levels in the brain.10

On average, African American smokers have lower NMRs (slower rate of nicotine
metabolism) and higher cotinine levels than White smokers.11-13 While previous research in
Whites indicates that faster nicotine metabolizers smoke more cigarettes per day, it remains
unclear if this relationship occurs in African Americans as well. >~/ African Americans
smoke fewer cigarettes per day but tend to smoke those cigarettes more intensely than
Whites and as a consequence take in more nicotine per cigarette.11: 14 In addition, African
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American light smokers with slower nicotine metabolism were found to have higher plasma
nicotine levels compared to faster metabolizers.1® This suggests that African Americans may
not titrate nicotine intake as closely based on rate of nicotine metabolism compared to what
has been reported in White smokers. However, this studyl® was only in African Americans,
without a direct comparison between African Americans and Whites in terms of the
relationship between NMR and nicotine intake from cigarette smoking.

Differences in motivations for cigarette smoking may contribute to racial differences in
tobacco use characteristics. Two distinct types of cigarette smokers have been described.
One includes smokers who seek intermittent high blood levels of nicotine (termed “peak-
seekers”), presumably motivated primarily by the positive reinforcing effects of nicotine. A
second type includes those who seek to maintain steady levels of nicotine throughout the day
(termed “trough-maintainers™), presumably motivated primarily to avoid nicotine withdrawal
symptoms and/or to obtain other desirable effects of persistently desensitizing nicotinic
receptors.26-17 We hypothesize that African Americans are more likely to be “peak-seekers,”
smoking primarily to achieve a high nicotine boost (for positive reinforcement), while
Whites, who smoke more frequently are more likely to be “trough-maintainers,” smoking
primarily to maintain consistent nicotine levels throughout the day. If one is smoking to
maintain a steady level of nicotine in the body, this level is influenced substantially by the
rate of nicotine metabolism. Thus, Whites would be more likely to titrate their nicotine
intake to maintain a certain optimal level of nicotine. If one is smoking to achieve a
particular peak level of nicotine after smoking a cigarette, this level is minimally influenced
by the rate of nicotine metabolism. Thus, African American smoking would be less
influenced by the rate of nicotine metabolism. Understanding racial differences in the
relationship between nicotine metabolism and smoking behavior has important implications
for understanding racial disparities in efficacy of smoking cessation interventions and
prevention strategies.

The primary aim of our analysis was to examine racial differences in the relationship
between rate of nicotine metabolism and measures of nicotine intake. As “trough-
maintainers,” we hypothesized that, within Whites, individuals who are faster metabolizers
of nicotine would show greater nicotine intake to achieve nicotine levels similar to Whites
who are slow metabolizers. This would indicate a strong titration effect. On the other hand,
we hypothesized that in African American smokers, titration would be weaker, reflecting
similar nicotine intake between African Americans with different rates of nicotine
metabolism.

First we evaluated racial differences in the relationship between nicotine metabolism and
smoke exposure using cigarettes per day (CPD) and expired carbon monoxide (CO). Since
CPD is not the most sensitive measure of nicotine exposure we also evaluated racial
differences in the relationship between nicotine metabolism and two biomarkers of nicotine
exposure: plasma cotinine and plasma [cotinine + 3HC] concentrations. Cotinine is the most
widely used biomarker of daily nicotine intake. However cotinine levels in relation to daily
nicotine intake are influenced by CYP2A6 enzyme activity. Nicotine’s metabolism to
cotinine, and cotinine’s metabolism to 3HC are both mediated largely by CYP2A6. On
balance, lower CYP2AG6 activity results in slower metabolism of cotinine to 3HC compared
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to the rate of generation of cotinine from nicotine, such that for any given levels of nicotine
intake cotinine levels would be expected to be higher in slower compared to faster
metabolizers.18-19 Taking the sum of cotinine and 3HC helps to compensate for individual
differences in CYP2AG6 activity. Empirical studies show that the sum of cotinine and 3HC in
plasma correlates more strongly with daily nicotine intake compared to cotinine alone.20

One would expect that if daily nicotine intake is similar, individuals with faster (versus
slower) rate of nicotine metabolism (higher NMR) would have lower levels of cotinine but
the same levels of cotinine + 3HC. We hypothesized that this relationship would be found in
African Americans (similar nicotine intake between NMR groups) but not in Whites
(individuals with higher NMR take in more nicotine).

2. METHODS

2.1 Overview of study design

The parent study was a randomized, placebo controlled clinical trial examining the efficacy
of nicotine replacement therapy versus varenicline for smoking cessation in a sample
stratified by NMR. Results from the parent trial are published elsewhere.?! The data for this
secondary analysis were taken from the screening visit, prior to determination of eligibility
for the clinical trial.

2.2 Participants

As described previously,22 participants were recruited to participate in a free smoking
cessation trial. The study consisted of participants aged 19-65 who smoked at least 10
cigarettes per day, had a exhaled breath carbon monoxide (CO) level of > 10ppm, and were
interested in quitting smoking. Participants were excluded if they had substance abuse or
dependence, use of contraindicated medications (e.g., smoking cessation medication), had a
history of psychiatric disorder (e.g., bipolar, major depression, or suicide attempt) or were
unwilling to reside in the area for the following 12 months. African Americans and Whites
who completed the screening assessment for the clinical trial were included in the current
analyses, even if not included in the final intent to treat sample. Because the main clinical
trial included a sample that was stratified based on NMR, the screening sample was used for
the current analyses as it better represents the distribution of NMR found in the population.
The study population used in the current analyses consisted of 591 self-identified African
Americans and 1102 Whites. Participants indicating mixed ethnicity were excluded from the
present analysis (N= 17).

2.3 Measures

The NMR was determined as the ratio of free (unconjugated) 3HC/free cotinine in plasma.
This ratio is a validated biomarker of CYP2A6 metabolic activity and nicotine clearance.*
We assessed the level of nicotine exposure in each group with the following variables:
Cigarettes per day (CPD), expired carbon monoxide (CO), and biomarkers of nicotine
(cotinine, and the molar sum of cotinine+3HC). CPD was assessed by self-report and CO
was assessed using a CO breath meter. Biomarkers of nicotine exposure (cotinine, and the
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molar sum of cotinine+3HC) were also examined using the plasma sample provided by the
participant.

CO, cotinine and cotinine + 3HC were examined in two ways: as an absolute level assessed,
and as amount per cigarette smoked. These two analyses provide different information: (1)
absolute value of the biomarkers were used to determine if individuals were adjusting their
daily nicotine intake to maintain a similar optimal desired level of nicotine between NMR
quartiles; and (2) biomarkers corrected for CPD were used as an estimate of intensity of
smoking individual cigarettes, that is, nicotine/tobacco exposure per cigarette smoked.

2.4 Data analysis

Cut-offs for NMR quartiles were generated from the combined baseline screening sample of
African American and White smokers. This was done so that races could be compared at the
same NMR quartile, even though the distribution of NMR within race differed and, thus, the
number of people in each quartile differed by race.

Biomarkers and tobacco use variables were initially analyzed using ANOVAS with race, sex,
and NMR quartile as predictors. Although there were significant main effects for sex, there
were no significant interactions between sex and NMR quartile or three-way interactions
between NMR quartile, race, and sex. Therefore, subsequent analyses included sex in the
ANOVA model but are presented collapsed by sex. Significant interactions between race and
NMR quartile for each dependent variable were examined by determining if there were
differences: (1) Between NMR quartile within each race, and (2) Between races for each
NMR group. For within race comparisons, ANOVAs were used to determine if there was a
significant main effect of NMR quartile within race, followed by Bonferroni post hoc
comparisons between NMR quartiles within race. For the between race comparisons, t-tests
were used to compare races at each NMR quartile. Effects were considered significant at an
alpha level of 0.05 or less. Statistical analyses were performed using SPSS 22 (IBM
Corporation, Armonk, NY, USA).

3. RESULTS

3.1 Demographic characteristics

Baseline demographic and smoking history information is provided in Table 1. The average
cigarettes per day (CPD) was 16 for African Americans and 20 Whites. Although African
Americans were more likely to smoke within 5 minutes of waking (47% of African
Americans vs. 32% of Whites), nicotine dependence scores were similar between the races
(Fagerstrom Test of Cigarette Dependence = 5.25).

It should be noted that menthol cigarette data were not included in the baseline data
collected at the screening visit. Thus, the menthol data presented in Table 1 are based on
1178 participants (African Americans, N= 474; Whites, N= 704), who were participants
selected for low and high NMR and enrolled in the parent clinical trial study. Our data are
consistent with previous literature indicating that African Americans are more likely to be
menthol cigarette smokers than Whites. There is also an interesting trend among African
Americans indicating that a greater percentage of slow metabolizers (NMR Q1) are menthol
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smokers (86%) compared to faster metabolizers (NMR Q4; 75%); x2 (1,N=340) = 5.04, p =
0.03). This relationship was not significant among White smokers.

3.2 NMR quartiles

The mean NMR values for African Americans and Whites for each NMR quartile are
presented in Figure 1. The cut-offs for each quartile were: Q1 (NMR 0.240), Q2
(NMR<0.241-0.350, Q3 (NMR=0.35-0.485), Q4 (NMR=0.486) using the NMR quartiles
based on the full sample. Consistent with a previous study?2, the distribution of NMR values
within race was different, which is also shown in Figure 1. Overall, there was a greater
distribution of Whites in the higher NMR quartile vs. the lower NMR quartiles, with the
opposite for African Americans. However, African Americans and Whites have similar
mean NMR values within each NMR quartile. Thus, using NMR quartiles derived by the
combined race sample corrects for the difference in distribution of NMR within race and
was used in the subsequent analyses. Demographics, tobacco use characteristics, and
biomarkers of exposure by NMR quartile within African Americans and Whites are
presented in Table 1.

3.3 Cigarettes per day (CPD)

For CPD (Figure 2A), there was a significant main effect of both NMR quartile

(F(3, 1677)=2.70, p<0.05, partial n?=.005) and race (F(1, 1677)=93.04, p<0.001, partial n>= .
053); African Americans smoked fewer CPD than Whites (16.1 + 0.3 vs. 19.9 £ 0.2) and,
overall, higher NMR was associated with smoking more CPD (15t =17.4 0.3, 2"d = 17.9
+0.3; 31 = 18.5 +0.4; 4t = 18.3 +0.4). However, there was not a significant interaction
between NMR quartile and race for CPD.

3.4 Carbon Monoxide (CO)

3.5 Cotinine

There was a significant main effect of race for expired CO (F(, 1677)=10.36, p=0.001, partial
n%=.006; Fig. 2B) but no main effect or interaction with NMR quartile. Overall, African
Americans had lower levels of expired CO compared to Whites (22.1+0.4 vs. 24.1+0.3).

Overall, similar results were found when looking at levels of each biomarker per cigarette
smoked. There was a significant main effect of race for expired CO/cigarette

(F@, 1677y=30.98, p<0.001; Figure 2C), but no main effect or interaction with NMR quartile.
Overall, African Americans were taking in more CO/cigarette (1.50 £0.03 vs. 1.30 +0.02).

There were differences by race in the relationship between NMR quartile and the biomarkers
of exposure. For cotinine (Figure 3A), there was a significant interaction between race and
NMR quartile (F(3, 1677)=6.40, p<0.001, partial n2=.011). Within African Americans there
was a step-down relationship between NMR quartile and cotinine; lower NMR quartiles had
higher cotinine levels. Within Whites, only the 4! NMR quartile had significantly lower
cotinine levels compared to the other NMR quartiles. The only significant differences
between African Americans and Whites for cotinine level was found in the 15t NMR
quartile; African Americans in the 15t NMR quartile had higher cotinine levels (p<0.001)
compared to Whites in the first NMR quartile.
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There was a significant interaction between race and NMR quartile for cotinine/cigarette
(F3, 1677y=6.00, p<0.001; Figure 3B.) Overall, African Americans had a larger decrease in
cotinine/ cigarette by NMR quartile compared to Whites. Within African Americans, there
was a step down relationship between NMR quartile and cotinine/cigarette. Within Whites,
lower cotinine per cigarette was only found in the 4" NMR quartile compared to the 15t and
2"d quartiles. African Americans had higher cotinine/cigarette at each NMR quartile
compared to Whites.

+ 3HC

There was a significant interaction between race and NMR quartile for [cotinine + 3HC]
(F3, 1677)=4.72, p<0.01; Figure 3C), a marker of total nicotine exposure. In African
Americans there was no change in [cotinine + 3HC] across NMR quartiles. In Whites, on the
other hand, those in the 1St NMR quartile had significantly lower levels of [cotinine + 3HC]
than NMR quartiles 2—4. African Americans in the 1t NMR quartile had higher levels
[cotinine + 3HC] compared to Whites in the 15t NMR quartile.

There was also a significant interaction between race and NMR quartile for [cotinine

+ 3HC]/cigarette smoked (F(3, 1677)=2.97, p<0.05; Figure 3D). African Americans at each
NMR quartile had higher levels of [cotinine + 3HC]/cigarette compared to Whites in the
same NMR quartile.

4. DISCUSSION

Using a large sample of White and African American daily smokers (10 or more CPD), our
analyses determined that there are racial differences in the relationship between rate of
nicotine metabolism (NMR) and biomarkers of nicotine exposure. Rate of nicotine
metabolism appears to be a more important factor influencing nicotine intake in Whites
smokers. Specifically, Whites appear to be more likely to titrate their nicotine intake
[cotinine + 3HC] based on the rate at which they metabolize nicotine compared to African
Americans. Furthermore, it has been posited that Whites who take in more nicotine are
doing so to consistently maintain a specific level of systemic nicotine (aka “trough
maintainers™), while African Americans tend to be “peak seekers” and smoke for the
positive reward of nicotine from each cigarette and not to maintain a consistent level of
nicotine in the blood stream.18 Although we did not see any effect on CPD or CO, our
biomarker analysis supports this hypothesis. Whites may be titrating nicotine levels for a
desired “maintenance” effect, while African Americans who are more likely to be “peak
seekers” are less likely to maintain consistent levels of nicotine and thus nicotine intake
would be less influenced by rate of nicotine metabolism.

Overall there was a greater step down, linear type relationship between NMR groups and
cotinine or cotinine/cigarette in African Americans vs. Whites, as seen in Figure 3. Based on
previous work by Zhu et al.18, we expected that cotinine/cigarette would decrease as rate of
nicotine metabolism increases (higher NMR). The African American NMR groups did not
differ in the sum of cotinine + 3HC or in [cotinine + 3HC]/cigarette. This is consistent with
the idea that differences in blood cotinine levels between the African American NMR groups
were primarily due to differences in CYP2A6 enzyme activity. This relationship was not
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found in Whites. Whites who are faster nicotine metabolizers appear to titrate their nicotine
intake to compensate for rate of nicotine metabolism to maintain desired levels of nicotine.
Since we do not see significant differences in CPD or CO by NMR quartile in Whites, this
effect is likely due to differences in intensity of smoking, as CPD and CO are not sensitive
measures of nicotine exposure.23 NMR was unrelated to nicotine intake in African
Americans, suggesting no titration.

Participants’ nicotine dependence and use of menthol cigarettes also provided interesting
insights that warrant further exploration. First, African Americans were more likely to
smoke their first cigarette within the first 5 minutes of waking, which is suggestive of greater
physical dependence.? One might expect that smoking sooner after waking (TTFC) would
be expected to be associated with trough maintaining, however, African Americans did not
show a titration effect across NMR quartiles. There was no significant difference between
races for FTCD. The higher prevalence of smoking mentholated cigarettes among African
Americans compared to Whites is consistent with previous reports.2> Although there were
no significant differences in the distribution of menthol cigarette smoking by NMR quartile,
there was greater menthol cigarette smoking among African Americans in the 1t NMR
quartile (slower nicotine metabolizers) compared to those in the 4" NMR quartile (faster
nicotine metabolizers).

Smoking mentholated cigarettes may lead to differences in nicotine intake in several ways.
Menthol has been found to have anesthetizing effects that can attenuate tobacco smoke
irritants,28 which could allow for deeper inhalation of tobacco smoke (more nicotine per
puff). Menthol has also been found to inhibit CYP2A6 activity and decrease rate of nicotine
metabolism.2’ Smoking mentholated cigarettes may contribute to the overall difference in
rate of nicotine metabolism between African Americans and Whites. It is important to note
that use of mentholated cigarettes was only assessed in the individuals entering the treatment
arm of the study. This limited our ability to use menthol status in the analyses using the full
screening sample. The relationship between NMR, menthol status, and nicotine intake
warrants further study. This study also supports other research showing that cotinine is a
biased biomarker of nicotine exposure when there is variability in CYP2AG6 activity. Results
from our study suggest that plasma [cotinine+3HC] may be a better biomarker of nicotine
exposure as it is less influenced by individual differences in CYP2A6 enzyme activity.
However, a potential limitation in the use of the sum of plasma [cotinine + 3HC] to examine
racial differences is that there are racial differences in the extent of glucuronidation of
cotinine. In addition to the primary C-oxidation pathway of nicotine metabolism, nicotine
and cotinine also undergo glucuronidation via UGT (uridine diphosphate-
glucuronosyltransferase), which converts them into nicotine and cotinine glucuronides,
respectively.28 African Americans, on average, glucuronidate cotinine more slowly than
Whites due to genetic differences in UGT2B10 activity.1% 29 In addition, UGT2B17
glucuronidates 3HC, and racial differences in the activity of this enzyme have also been
reported.30 However, variation in 3HC glucuronidation was not found to be associated with
NMR or nicotine intake3! and we have no reason to believe that there is any association
between genetically determined slow glucuronidation and low CYP2AG6 activity. Thus, we
believe it is valid to use [cotinine + 3HC] as a measure to examine the relationship between
NMR and nicotine intake within race.
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Our research replicates previous findings that nicotine intake per cigarette is significantly
higher in African Americans compared to Whites.11: 14 In addition, this work confirms prior
observations that African Americans smoke fewer CPD, have lower CO levels, but take in
more CO per cigarette compared to Whites. Overall, African Americans had higher cotinine
levels per cigarette smoked compared to Whites. This work confirms prior observations on
racial distribution in CYP2A6 activity, with African Americans having on average slower
rate of nicotine metabolism.

There are several limitations of this work. First, our participants were treatment-seeking
daily smokers (10 or more CPD), whereas African Americans in general tend to be light
smokers. Our results may not generalize to light and intermittent smokers, and future
research should explore this possibility. In addition, the best biomarker of daily nicotine
intake, which is independent of metabolic differences, is the sum of all nicotine metabolites
in urine (urinary total nicotine equivalents [TNE]).32 However, we did not collect urine from
our participants. Future studies should replicate these findings with TNE.

The implications of our study are as follows. If African Americans are less likely to adjust
their smoking behavior based on rate of nicotine metabolism, then African Americans with
slower rates of nicotine metabolism would have higher levels of nicotine exposure, which
could potentially increase risk for dependence. On the other hand, Whites may be more
likely to titrate their nicotine intake based on rate of nicotine metabolism. Whites with faster
rates of nicotine metabolism may be at greater risk for higher tobacco smoke exposure to
increase nicotine intake, which could potentially put them at greater risk for tobacco related
diseases, while the health risks of smoking in African American may be unrelated to the rate
of nicotine metabolism.
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HIGHLIGHTS
. Rate of nicotine metabolism (NMR) is an important factor influencing
nicotine intake
. We found that NMR influences nicotine intake more in Whites vs.

African American smokers
. Whites appear to titrate their nicotine intake based on their NMR

. NMR was unrelated to nicotine intake in African Americans,
suggesting no titration
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Figure 1.
Mean NMR level for African Americans and Whites within each NMR quartile. NMR

quartiles were based on the full sample of African Americans and Whites. The distribution
of participants within each NMR quartile is represented by the N’s shown within each bar.
Distribution of African Americans and Whites across the NMR quartiles based on the
combined sample
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Figure 2.
Relationship between NMR quartile and tobacco use characteristics in African Americans

and Whites. Shown are the means + SEM for (A) CPD, (B) expired CO, and (C) expired CO
per cigarette. Data are combined for men and women as sex did not significantly influence
the results. No significant interactions by NMR quartile. Because there were no interactions,
main effects of race (###)= p<0.001, (##)= p<0. 01) and NMR quartile ($)= p<0.05) are
presented in the figure.
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Relationship between NMR quartile and biomarkers of nicotine exposure in African
Americans and Whites. Shown are the means £ SEM for (A) cotinine, (B) [COT+3HC], (C)
cotinine per cigarette, and (D) [COT+3HC] per cigarette. Biomarkers are measured in blood.
Data are combined for men and women as sex did not significantly influence the results.
Significance of within race comparisons between NMR quartiles are indicated by: (*)=
p<0.05, (**)= p<0.01, and(***)= p<0.001. Significance for the comparison between African
Americans and Whites for the individual NMR quartile are indicated by: (1)= p<0.01.
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