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ABSTRACT
◥

Background: Nicotine metabolism is a major factor in nicotine
dependence, with approximately 70% to 80% of nicotine metabo-
lized to cotinine in Caucasians. Cotinine formation is catalyzed
primarily by CYP2A6, which also converts cotinine to trans-30-
hydroxycotinine (3HC). The goal of the present study was to
examine the effects of CYP2A6 deficiency on nicotine metabolism
profiles in vivo and the importance of genetic variants in nicotine-
metabolizing enzyme genes on urinary nicotine metabolites levels.

Methods: Urine samples from 722 smokers who participated
in the Singapore Chinese Health Study were analyzed using
UPLC-MS/MS to detect nicotine and eight of its urinary meta-
bolites, and a total of 58 variants in 12 genes involved in nicotine
metabolism were investigated in 475 of these subjects with
informative genotyping data.

Results: Urine samples stratified by the ratio of 3HC/cotinine
exhibited a 7-fold increase in nicotine-N’-oxide, a 6-fold increase in

nicotine-Glucuronide (Gluc), and a 5-fold decrease in 3HC-Gluc
when comparing the lower versus upper 3HC/cotinine ventiles.
Significant (P < 0.0001) associations were observed between func-
tional metabolizing enzyme genotypes and levels of various urinary
nicotine metabolites, including CYP2A6 genotype and levels of
nicotine, nicotine-Gluc, nicotine-N’-oxide and 3HC, UGT2B10
genotype and levels of cotinine, nicotine-Gluc and cotinine-
Gluc, UGT2B17 genotype and levels of 3HC-Gluc, FMO3 geno-
type and levels of nicotine-N’-oxide, and CYP2B6 genotype
and levels of nicotine-N’-oxide and 4-hydroxy-4-(3-pyridyl)-
butanoic acid.

Conclusions: These data suggest that several pathways are
important in nicotine metabolism.

Impact: Genotype differences in several nicotine-metabolizing
enzyme pathways may potentially lead to differences in nicotine
dependence and smoking behavior and cessation.

Introduction
Nicotine is the psychoactive alkaloid that stimulates the reward

response in the brain upon the consumption of tobacco products. It is
extensively metabolized in vivo, exhibiting a half-life of approximately
2 hours in humans.Nicotine addiction leads the user to self-titrate their
nicotine plasma levels, with a steady usage of tobacco products

throughout the day (1). Nicotine is mainly metabolized in the liver
to cotinine and subsequently to trans-30-hydroxycotinine (3HC),
primarily by the cytochrome P450 (CYP) enzyme, CYP2A6
(see Fig. 1; ref. 2). Nicotine and cotinine are glucuronidated to
nicotine-Glucuronide (Gluc) and cotinine-Gluc, respectively, primar-
ily by the UDP-glucuronosyltransferase (UGT) 2B10 (3), whereas
3HC-Gluc is formed by several UGTs, including UGT1A9, UGT2B7,
and UGT2B17 (4). Nicotine and cotinine are also N’-oxidized (5, 6),
with nicotine-N’-oxide (NOX) formation catalyzed by flavin mono-
oxygenase (FMO) 1, FMO2, and FMO3 (7–9), and cotinine-N’-oxide
(COX) formation catalyzed primarily by CYPs 2C19, 2A6, and
2B6 (10). Another abundant metabolite of nicotine is 4-hydroxy-4-
(3-pyridyl)-butanoic acid (HPBA) and it has been suggested that
CYP2A6 may be involved in HPBA production (11).

Smoking behaviors vary widely among different ethnic populations
and are heavily influenced by genetic factors (12). For example,
smoking prevalence is highest among Native Americans and Alaskan
Natives, with smoking rates up to 22%, whereas Asian and Hispanic
Americans smokers exhibit smoking rates of between 7% and
15% (13, 14).

In smokers, the ratio of both plasma and urinary 3HC to cotinine,
also known as the nicotine metabolic ratio (NMR), has been widely
used as a biomarker of CYP2A6 activity (15–18). Recent studies have
shown that the ratio of both urinary 3HC/cotinine and total urinary
3HC (3HC plus 3HC-Gluc)/cotinine are effective predictors of plasma
NMR (19). It also has been shown that the NMR is highly variable
among different demographic groups and that these differences could
be affecting smoking cessation rates at the population level (20, 21).
These differences have been associated with differences in nicotine
metabolite profiles in the plasma and urine of smokers. For example, in
populations with a higher frequency of active CYP2A6, 70% to 80% of
nicotine is metabolized via CYP2A6 C-oxidation, whereas in
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populations with defective CYP2A6 this percentage is decreased to
approximately 50% (22). Studies examining the functional effects of
genetic variation in nicotine-metabolizing enzyme genes on nicotine
metabolite levels have been performed mainly in Caucasian and
AfricanAmerican populations (22–24), leading to a lack ofmeaningful
data in other populations.

The Chinese population has a relatively high frequency of CYP2A6-
deficient alleles. The minor allele frequency (MAF) of the CYP2A6�4
(whole-gene deletion) allele is up to 25% in Chinese (25, 26) as
compared with approximately 3% in Caucasians (27). CYP2A6�7
(rs5031016) has a missense SNP (I471T) that codes for a non-
functional CYP2A6 allele with a MAF of up to 16% in Chinese
populations but is almost absent inCaucasians (28). The intron variant
(rs28399433) encoded by the CYP2A6�9 allele is associated with a 50%
reduction in enzyme expression (29) and is prevalent in East Asian
populations (MAF ¼ 26%) with a much lower frequency among
Caucasian populations (MAF ¼ 7%). The CYP2A6�1A (rs1137115)
has been associated with alternative splicing, lower mRNA expression,
and slower nicotine metabolism in smokers (30) whereas CYP2A6�12
codes for a hybrid allele between the CYP2A7 and CYP2A6 intron 2
sequence and is associated with approximately 60% reduced activity
in vivo (31); both of these alleles exhibit similar MAFs of 20% to 25%
in the Caucasian and Chinese populations. As a result of the high
prevalence of these defective CYP2A6 genetic variants, approximately
22% of Chinese smokers are considered poor metabolizers of nicotine
and appear to exhibit different profiles as compared with other racial
groups (26, 32).

Among smokers with CYP2A6-defective genotypes, nicotine-
metabolizing enzymes other than CYP2A6 may play a more critical
role in nicotine metabolism, but this has not been well-characterized.
For example, it has been demonstrated that genetic variants in

UGT2B10, the main enzyme involved in the formation of nico-
tine-Gluc and cotinine-Gluc, are associated with increased levels
of free cotinine in African American smokers (33). Therefore, the
presence of key genetic variants in nicotine-metabolizing enzymes
other than CYP2A6 may play an important role in better informing
smoking cessation therapy, leading to more tailored smoking
cessation therapies particularly in CYP2A6-defective individuals.
The goal of the present study was to analyze the topography of
urinary nicotine metabolites in Chinese smokers with varying
CYP2A6 metabolic capacity and to correlate the levels of urinary
nicotine metabolites with genetic variants in major nicotine-
metabolizing enzyme genes.

Materials and Methods
Chemicals and materials

LC/MS-grade ammonium acetate and acetonitrile were pur-
chased from Thermo Fisher Scientific, whereas the ACQUITY UPLC
BEH-HILIC (1.7 m 2.1 � 100 mm) column was purchased from
Waters. Nicotine and eight of its major metabolites (cotinine, 3HC,
NOX, COX, nicotine-Gluc, cotinine-Gluc, 3HC-Gluc, and HPBA) as
well as their corresponding deuterium labeled (d3) internal standards
were purchased from Toronto Research Chemicals.

Study population and collection of biological samples
Subjects were drawn from the Singapore Chinese Health Study (34);

this study has been approved by the Institutional Review Boards of the
NationalUniversity of Singapore and theUniversity of Pittsburgh. The
present study was approved by the Institutional Review Board of the
University of Pittsburgh and Washington State University, Spokane,
Washington DC.

Figure 1.

Metabolic scheme for nicotine. A, 4-hydroxy-4-(3-pyridyl)-butanoic acid, (B) nicotine-N’-oxide, (C) cotinine-N’-oxide, (D) nicotine, (E) cotinine, (F) trans-3’-
hydroxycotinine, (G) nicotine-Glucuronide, (H) cotinine-Glucuronide, and (I) 3HC-Glucuronide.

Pharmacogenetics of Nicotine Metabolism

AACRJournals.org Cancer Epidemiol Biomarkers Prev; 32(1) January 2023 55



The Singapore Chinese Health Study enrolled 63,257 Chinese men
and women in Singapore when they were 45 to 74 years old at the time
of enrollment, from April 1993 to December 1998 (34). At baseline,
each participant was interviewed in person by a trained interviewer
using a structured questionnaire that asked for information on demo-
graphics, lifetime use of tobacco, and dietary habits during the prior
12 months using a validated semiquantitative food frequency ques-
tionnaire (35). Non-fasting blood (10 mL in a plain tube and 10 mL
in a heparinized tube per subject) and single-void urine specimens
were requested from a random 3% sample of cohort participants
from April 1994 to December 1999. Immediately following blood
collection, the vacutainer tubes were protected from light using
aluminum foil and kept at 5�C–10�C in an ice box or refrigerator
until further processing for separating serum or plasma from buffy
coat and red blood cells within 4 hours. All blood components were
aliquoted into 0.5 mL vials and stored at �80�C freezers. Urine was
aliquoted into two urine bottles (20 mL, each containing 0.4 g
ascorbic acid) and was stored at �80�C. Beginning in January 2000,
requests for biospecimens were extended to all surviving cohort
participants. Overall, biospecimens were obtained from 32,535
participants, representing approximately 60% of eligible subjects
at the end of the biospecimen collection phase in April 2005. Half of
all collected biospecimens were shipped on dry-ice to the University
of Pittsburgh (Pittsburgh, PA) where they were continuously stored
at �80�C until analysis. The present study included 722 urine
samples from smokers that belonged to a case–control study of
lung cancer within the Singapore Chinese Health Study.

Genomic DNA was extracted from individual buffy coats using
QIAmpDNAmini kits (Qiagen Inc.). Quality and quantity of purified
DNA were evaluated using a Nanodrop UV-spectrometer (Thermo
Fisher Scientific Inc.). DNA samples were stored at �20�C until
analysis immediately after extraction from buffy coats.

UPLC-MS/MS methods
In addition to urinary nicotine, eight major urinary nicotine

metabolites (cotinine, 3HC,NOX, COX, nicotine-Gluc, cotinine-Gluc,
3HC-Gluc, and HPBA) were quantified using a previously described
LC/MS method (36). Briefly, a UPLC-BEH-HILIC column (2.1 �
100 mm, 1.7 mmol/L) was used for separation of nicotine and its 8
metabolites using a mobile phase containing 5 mmol/L ammonium
acetate (pH 5.7) in either 50% acetonitrile (buffer A) or 90% aceto-
nitrile (buffer B), as follows: 20% buffer A for 1.5 minutes, a linear
gradient to 100% buffer A from 1.5 to 2.5 minutes, maintenance at
100% buffer A for 3 minutes, and a re-equilibrium step to the initial
20% buffer A conditions from 5.5 to 7 minutes (flow rate 0.4 mL/min).
The injection volume was 2 mL using a column temperature of 30�C.
MS/MS detection was performed in an AB Sciex Triple-Quad 6500
instrument in MRM ESIþ mode using a dwell time of 100 msec and a
declustering, entrance, and collision cell exit potential of 30, 10, and
10V, respectively. Themass transitions (Q1/Q3) and collision energies
for each metabolite and their corresponding d3-labeled standard are
listed in Supplementary Table S1. The nebulizing and drying gases
were 50 psi and the optimal temperature of the ion source was 450�C.
Observed metabolite retention times (see Supplementary Table S1)
were compared with the retention times of corresponding d3 internal
standards. Urinary creatinine was quantified as described previous-
ly (35) and used as a normalizer of renal function among individuals.

Standard curves were constructed by plotting the ratio of analyte
peak area to peak area of the corresponding internal standard versus
analyte concentration. For the nicotine and nicotine metabolites
standards, a 10 ppm stock solution was made in water. The stock

solution was serially diluted in water, and least 12 analyte concentra-
tions were prepared and then mixed with an equal volume of urine
from a nonsmoker. Standards at concentrations ranging from 0.005 to
10 ppm were used to establish standard curves. For creatinine, the
stock solution (100,000 ppm) was serially diluted in water to con-
centrations ranging from0.05 to 50 ppmandused to establish standard
curves. Urinary analyte concentrations were determined bymeasuring
the peak area ratios of analyte to internal standard and then calculating
analyte concentration from the appropriate standard curve using AB
Sciex’sMuiltiquant software. The lower limit of quantification (LLOQ)
was based on a signal/noise >10. The LLOQ observed were as follows:
For nicotine, cotinine, cotinine-Gluc, and COX the LLOQ was
0.0001 ppm, for NOX and nicotine-Gluc it was 0.001 ppm, and for
3HC, 3HC-Gluc and HPBA it was 0.008 ppm. Approximately 9%
of the samples were randomly selected for re-analysis for quality
control (QC) purposes. A correlation value of r2 > 0.9 was observed
when comparing the levels of TNE in the original versus re-analyzed
samples.

Candidate SNP genotyping
The methods for CYP2A6 genotyping were described in detail in a

previous report (26, 37). Briefly, there are two structural variant alleles
for CYP2A6: �4 (gene deletion) and �12 (a hybrid allele derived from a
crossover event that joins exons 1–2 of CYP2A7 with exons 3–9 of
CYP2A6). These structural variants were measured using quantitative
PCR assays designed by ABI (Applied Biosystems). An initial assay
using a probe specific to intron 1 ofCYP2A6 (hs0754274_cn) was used
to determine the number ofCYP2A6 gene copies present relative to the
housekeeping gene RNaseP, with all informative samples amplifying
the RNaseP gene. Those samples with two copies of hs0754274_cn
were designated (�1/�1). Those samples with no amplification of
hs0754274_cn would be designated as homozygous for the gene
deletion (�4/�4); this was not observed in the present study. Those
samples with a single copy of hs0754274_cn (CYP2A6�1/x) were
carried forward to a second qPCR assay using ABI probe
hs07545275_cn that is specific for intron 7 of the CYP2A6 gene
(i.e., does not cross-react with CYP2A7). Those samples with 1 copy
of intron 7 in the second assay were designated (�1/�4), and those with
2 copies of intron 7 were designated (�1/�12). All qPCR assays were
repeated 4 times.

Additional variants that do not alter the CYP2A6 gene structure
were then assessed. To maximize assay specificity and minimize
DNA input, the �7 (rs5031016) and �9 (rs28399433) alleles were
genotyped using nested PCR followed by pyrosequencing (using the
Pyromark Q96MD Sequencer, Qiagen). The �1A variant was cap-
tured using an allelic discrimination (TaqMan) assay for rs1137115
(Life Technologies).

The Sequenom MassARRAY iPlex platform was used to determine
SNP genotypes for FMO3 (rs1736557, rs2266780, and rs226782)
and UGT2B10 (rs294857, rs835316, rs844342, and rs909530). The
UGT2B10 SNP rs11249509 was separately genotyped using a TaqMan
assay (Life Technologies). The UGT2B17 deletion was assessed using
qPCR as described byGallagher and colleagues (38). For QC purposes,
every 10th well of the genotyping plates contained a control
DNA sample of Han Chinese ethnicity from the Coriell Institute
(Coriell.org.).

Genome-wide SNPs
Genotypes of CYP2B6, CYP2C19, and FMO1 were derived from

genome-wide SNP analysis. The methods for the determination of
genome-wide SNPs and imputation were described previously (39).
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Briefly, DNA samples were genotyped using the Illumina Global
Screening Array v1.0 or the Illumina Global Screening Array v2.0.
Samples with a call-rate <95.0% and extremes in heterozygosity were
excluded. We imputed for additional autosomal SNPs with IMPUTE
v2 using the cosmopolitan 1000 Genomes haplotypes (Phase 3) as the
reference panel. SNPs with an impute information score of <0.8, MAF
<1.0%, Hardy–Weinberg Equilibrium P value of <1 � 10�6 as well as
non-biallelic SNPswere excluded from subsequent analyses. Alleles for
all SNPs were coded to the forward strand and mapped to Genome
Reference Consortium Human Build 37 as previously described (39).
In total, 6,407,959 genotyped and imputed SNPs were available for
statistical analyses after stringent QC procedures were undertaken as
previously described (39) in terms of genotyping completeness for
genetic markers and individuals, and removal of samples showing
evidence of duplication or contamination.

Metabolizing enzyme groups
For analysis, we examined SNPs with a MAF of >0.04 as described

previously for Hans Chinese in the 1000 Genomes Database. The
CYP2A6-metabolizing enzyme groups were classified according to a
previously reported classification for the Chinese population (26).
They included the �1A (40) and �9 (29) variant alleles, which are
considered decreased activity alleles, the �4 deletion (26, 28, 37), and
the �12 (31) and �7 (26, 28, 41) variants, which are considered
null activity alleles; the �1 allele is considered to be wild type.
CYP2A6-metabolizing enzyme groups were defined as follows: Exten-
sive metabolizers EM2A6 (�1/�1; n ¼ 45), intermediate metabolizers
IM2A6 (�1/�1A, �1/�9,�1/�12; n¼ 93), slow metabolizers SM2A6 (�1A/
�1A, �1A/�12, �1A/�9, �1A/�7,�1A/�4, �1/�4, �1/�7, �9/�9; n ¼ 171),
and poor metabolizers PM2A6 (�4/�7, �4/�9, �7/�7, �7/�9; n ¼ 49).
Other potential CYP2A6 genotype combinations were not observed
for the alleles examined in the population studied.

The assessment of UGT2B10 genotypes was based on previously
reported activities for the intronic variant rs835316 (42) and the
splice variant rs2942857, which was in high linkage disequilibrium
(LD r2 ¼ 1.0) with rs61750900 (43). UGT2B10 metabolizing enzyme
groups were classified as follows: EM2B10 (�1/�1; n¼ 101), IM2B10 (�1/
rs835316; n ¼ 188), SM2B10 (rs835316/rs835316 and rs2942857/
rs835316; n ¼ 58), and PM2B10 (rs2942857/rs2942857; n ¼ 3).

Single allele genotypes were analyzed for other metabolizing
enzymes, including CYP2B6, CYP2C19, FMO1, and FMO3.

Statistical analysis
The levels of nicotine and its metabolites were analyzed in subjects

that were statistically stratified by their urinary NMR (cotinine/3HC)
into quartiles and ventiles (20 quantiles). The relative levels of indi-
vidual nicotine metabolites, normalized by total nicotine equivalents
(TNE, equivalent to the total level of urinary nicotine plus its eight
measured metabolites), were compared within the different metabo-
lizing enzyme groups. Because the distributions of the direct levels
of the nine urinary biomarkers, or the biomarkers expressed as a
ratio with TNE, were not normally distributed, statistical analyses for
non-normally distributed samples was utilized. Spearman’s (r) and
Pearson’s (r2) correlation coefficients were calculated between the
urinary NMR and the relative levels of individual nicotinemetabolites.
Z-scores were calculated to compare Spearman’s correlation coeffi-
cients in men versus women, with a P value of 0.003 considered
significant due to multiple comparisons of nine metabolites by gender
(0.05/18). All analyses were two-sided and considered significant if P <
0.05 for all tests. Continuous outcome variables were analyzed for all
genotype–phenotype associations using the Student t test (Mann–

Whitney U test for non-parametric distributions), or the two-way
Kruskal–Wallis test using a Dunn post hoc test for multiple corrections
for all possible pairwise comparisons between metabolizing enzyme
groups. All statistical tests were conducted using the statistics program
GraphPad Prism version 6.01 (GraphPad Software).

Results
Nicotine urinary metabolites in smokers

Table 1 shows the levels of nicotine and its eight major meta-
bolites in the urine of 722 Chinese smokers. Approximately 9% of
the samples (n ¼ 64) were randomly selected for re-analysis to
assess metabolite level phenotyping error rates. A correlation of r2

¼ 0.91 was observed when comparing the levels of TNE in the
original versus re-analyzed samples. As described in previous
studies (4, 44), 3HC (13.4 nmol/mg creatinine) was the major
urinary metabolite observed in this population, followed by nicotine
(6.3 nmol/mg creatinine) > cotinine (5.4 nmol/mg creatinine) �
3HC-Gluc (5.2 nmol/mg creatinine) > cotinine-Gluc (4.4 nmol/mg
creatinine)�HPBA (4.4 nmol/mg creatinine) >NOX (3.2 nmol/mg
creatinine) > nicotine-Gluc (2.5 nmol/mg creatinine) > COX (1.4
nmol/mg creatinine). No differences in this pattern or in the levels
of these metabolites as a percentage of TNE were observed between
patients with lung cancer and unaffected controls when analyzed
independently (Supplementary Table S2).

To examine whether CYP2A6 activity affected the levels of urinary
nicotine metabolites, subjects were stratified on the basis of their
urinary NMR (cotinine/3HC). Because cotinine and 3HC comprise
the two variables that are used to calculate the NMR, as expected,
strong significant correlations were observed between the NMR
and urinary cotinine (r ¼ �0.5802, P < 0.0001) and 3HC (r ¼
0.7755, P < 0.0001) measured as a ratio with TNE (Supplementary
Fig. S1A and S1B, respectively). Strong negative correlations were
also observed between the NMR and urinary NOX/TNE (r¼�0.6158,
P < 0.001) and nicotine-Gluc/TNE (r¼�0.3080, P < 0.0001; Fig. 2A).
Significant negative correlations were also observed between the NMR
and HPBA/TNE (r ¼ �0.2341, P < 0.0001) and nicotine/TNE (r ¼
�0.2150, P < 0.0001; Supplementary Fig. S1C and S1D, respectively)
whereas a strong positive correlation was observed between the NMR
and 3HC-Gluc/TNE (r ¼ 0.4968, P < 0.0001; Fig. 2A). No significant
correlations were observed between the NMR and either cotinine-
Gluc/TNE (r ¼ 0.0677) or COX/TNE (r ¼ 0.0148; Supplementary
Fig. S1E and S1F, respectively). Similar associations were observed
when examining cases and controls independently (Supplementary
Table S2) and when examining men versus women (Supplementary
Table S3).

When stratifying subjects by NMR quartiles (n ¼ 180–181/group),
the mean NOX/TNE, nicotine-Gluc/TNE and 3HC-Gluc/TNE for
each group (lowest to highest NMR) was 10.6%, 6.6%, 5.1%, and 3.0%;
12.0%, 7.3%, 7.1%, and 4.3%; and 8.7%, 14.3%, 16.3%, and 21.0%,
respectively (Fig. 2B). These differences corresponded to significant
3.5- (P< 0.0001) and 2.8 (P < 0.0001)-fold decreases in urinary NOX/
TNE and nicotine-Gluc/TNE, respectively, and a significant 2.4 (P <
0.0001)-fold increase in 3HC/TNE, when comparing the lowest
versus highest NMR quartile groups. Urinary cotinine/TNE and
3HC/TNE exhibited expected decreases (19.4%, 16.2%, 12.5%, and
8.2%) and increases (11.6%, 21.0%, 27.1%, and 34.7%), respectively,
in the lowest to highest NMR groups (Supplementary Fig. S2A and
S2B). Furthermore, when subjects were stratified by urinary NMR
ventiles (n ¼ 36–37/group), significant differences were observed
for the same five metabolites (P < 0.0001 for each), with 7.4- and
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5.3-fold decreases observed for the mean NOX/TNE and mean
nicotine-Gluc/TNE, respectively, and a 5.3-fold increase for the
mean 3HC-Gluc/TNE, when comparing the lowest and highest
NMR ventiles (Supplementary Fig. S3). Decreasing trends were
also observed for both urinary nicotine and HPBA, with 1.3- and
1.6-fold decreases for nicotine/TNE and HPBA/TNE, respectively,
when comparing the lowest with the highest NMR quartiles (Sup-
plementary Fig. S2C and S2D). Similar results were observed
when analyzing the case and control groups independently, with
4.5-, 5.7-, and 5.3-fold decreases observed for cotinine/TNE, NOX/
TNE and nicotine-Gluc/TNE, respectively, and 7.2- and 6.9-fold
increases for 3HC/TNE and 3HC-Gluc/TNE, respectively, observed
when comparing the lowest with the highest NMR ventiles for cases,
and 3.6-, 8.3- and 4.4-fold decreases observed for cotinine/TNE,
NOX/TNE and nicotine-Gluc/TNE, respectively, and 6.6- and 5.5-
fold increases for 3HC/TNE and 3HC-Gluc/TNE, respectively,

when comparing the lowest with the highest NMR ventiles for
controls. Cases and controls were thus combined for subsequent
analysis.

Nicotine-metabolizing enzyme genotypes and urinary nicotine
metabolite levels

A total of 58 genetic variants in 12 nicotine-metabolizing enzymes
were analyzed in this study. This included five genetic variants in
CYP2A6, three in CYP2B6, five in CYP2C19, 12 in FMO1, 11 in
FMO3, five in UGT1A1, four in UGT1A4, one in UGT1A9, one in
UGT1A10, three in UGT2B7, seven in UGT2B10, and one in
UGT2B17. Significant (P < 0.05) associations for individual poly-
morphisms and the levels of urinary nicotinemetabolites are shown for
combined cases and controls in Supplementary Table S4. A total of 39
significant associations were identified between variants in CYP2A6,
CYP2B6, CYP2C19, FMO1, FMO3, UGT2B10 and UGT2B17 and the

Table 1. Urinary nicotine metabolites in Chinese smokers (n ¼ 722).

per Total-NIC-Eqa (%)
Creatinine-adjusted levels

(nmol/mg creatinine)
Metabolite Mean � SD (95% CI) Range Mean � SD (95% CI) Range

Nicotine 12.7 � 11.6 (11.8–13.6) 0–68.7 6.3 � 9.6 (5.5–7.0) 0–112.3
Cotinine 9.1 � 8.3 (8.7–9.6) 0–28.7 5.4 � 8.0 (4.8–6.0) 0–69.3
3HC 29.3� 26.1 (27.3–31.4) 0–99.0 13.4� 18.3 (11.9–14.8) 0–115.9
Nicotine-Gluc 5.8 � 5.4 (5.3–6.2) 0–40.6 2.5 � 3.1 (2.2–2.7) 0–31.9
Cotinine-Gluc 10 � 6.1 (9.5–10.5) 0.02–33.6 4.4 � 4.7 (4.0–4.8) 0–69.3
3HC-Gluc 12.4 � 11.0 (11.5–13.2) 0–58.8 5.2 � 7.1 (4.7–5.8) 0–68.8
Cotinine-N-Oxide 3.2 � 1.9 (3.1–3.4) 0–9.5 1.4 � 1.3 (1.3–1.5) 0–18.3
Nicotine-N’-Oxide 7.6 � 6.1 (7.1–8.0) 0.15–40.9 3.2 � 3.8 (2.9–3.5) 0–43.7
HPBA 9.9 � 7.6 (9.4–10.5) 0–85.7 4.4 � 4.7 (4.0–4.7) 0–34.6

Abbreviations: CI, confidence interval; SD, standard deviation.
aTotal-Nic-Eq, total nicotine equivalents, equal to the sum of all measured urinary nicotine and its eight major metabolites.
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Analysis of NOX, nicotine-Gluc, and 3HC-Gluc levels in Chinese smokers. A, Scatterplots of urinary NMR (3HC/cotinine) versus urinary NOX, nicotine-Gluc, and 3HC-
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levels of different nicotine metabolites. No significant associations
were observed for UGT1A1, UGT1A4, UGT1A9, UGT1A10 or
UGT2B7.

CYP2A6 is involved in the formation of several nicotine metabo-
lites, including cotinine, 3HC and HPBA (2, 11). The effects of
CYP2A6 genotype on the levels of nicotine metabolites was examined
using CYP2A6-metabolizing enzyme group stratifications classified
according to CYP2A6 genotype as described in the Materials and
Methods. Associations were observed between CYP2A6 genotype and
the urinary levels of nicotine and 3HC (Supplementary Table S4),
with significantly (P < 0.0004 for all comparisons) increased nicotine/
TNE and decreased 3HC/TNE ratios observed in the PM2A6 (n ¼ 55)
group as compared with either the EM2A6 (n¼ 65), IM2A6 (n¼ 114) or
SM2A6 (n ¼ 208) groups (Fig. 3A and C, respectively). Similar to that
observed for 3HC/TNE ratio, decreases in urinary NMR were also
observed with CYP2A6 genotype (Supplementary Table S4), with
significantly (P < 0.0001) decreased NMR observed in both the SM2A6

and PM2A6 groups as comparedwith either the EM2A6 or IM2A6 groups
(Fig. 3D). Although significant associations were also observed for
urinary cotinine/TNE (P ¼ 0.017), nicotine-Gluc/TNE (P < 0.0001),
cotinine-Gluc/TNE (P ¼ 0.0081), 3HC-Gluc/TNE (P < 0.0001),
and NOX/TNE (P < 0.0001; Fig. 3B, E–H, respectively), no significant
associations were observed for urinary COX/TNE (P ¼ 0.34) or
HPBA/TNE (P ¼ 0.60; Fig. 3I and J, respectively).

When combined groups were examined, the EM2A6þ IM2A6 group
(n ¼ 179) exhibited significantly (P < 0.01 for all associations)

decreased cotinine/TNE, nicotine/TNE, NOX/TNE, nicotine-Gluc/
TNE, and cotinine-Gluc/TNE, and increased 3HC/TNE, 3HC-Gluc/
TNEandNMRas comparedwith the SM2A6þPM2A6 group (n¼ 263);
no significant associations were observed for urinary COX/TNE
(P ¼ 0.13) and HPBA/TNE (P ¼ 0.34; Supplementary Fig. S4).

A similar analysis was performed for UGT2B10, which is
the primary enzyme involved in the glucuronidation of both nicotine
and cotinine (3, 45). Both urinary nicotine-Gluc and cotinine-Gluc
levels were significantly (P < 0.0001) associated with UGT2B10
genotype in this study (Supplementary Table S4). Dramatic decreases
in urinary nicotine-Gluc/TNE and cotinine-Gluc/TNE ratios
were observed in PM2B10 (n ¼ 5) subjects as compared with either
EM2B10 (n¼ 219; P¼ 0.0005 and 0.0003, respectively) or IM2B10 (n¼
113; P ¼ 0.0002 and 0.0002, respectively) subjects (Fig. 4E and F). In
contrast, UGT2B10 genotype was associated with significant increases
in urinary cotinine/TNE (P ¼ 0.049) and 3HC/TNE (P ¼ 0.0036)
ratios (Fig. 4B and C, respectively). No significant associations were
observed for UGT2B10 genotype and levels of nicotine (P ¼ 0.41),
3HC-Gluc/TNE (P ¼ 0.17), NOX/TNE (P ¼ 0.72), COX/TNE (P ¼
0.23), or HPBA/TNE (P ¼ 0.98; Fig. 4A, G–J, respectively). The
previously reported UGT2B10 D67Y SNP (rs61750900; ref. 3)
exhibited a MAF ¼ 0.002 in this study population, with only two
heterozygous individuals present in the study population; both
showed an approximately 50% decrease in the levels of both urinary
nicotine-Gluc and cotinine-Gluc when compared with UGT2B10
(�1/�1) subjects.
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Figure 3.

Urinary nicotine metabolites in subjects stratified by CYP2A6-metabolizing enzyme groups. Urinary levels of A, Nicotine/TNE; B, Cotinine/TNE; C, 3HC/TNE;
D, NMR; E, Nicotine-Gluc/TNE; F, Cotinine-Gluc/TNE; G, 3HC�Gluc/TNE; H, NOX/TNE; I, COX/TNE; and J, HPBA/TNE. Subjects were stratified into the
following CYP2A6-metabolizing enzyme groups: Extensive metabolizers (EM2A6)–�1/�1; intermediate metabolizers (IM2A6)–�1/�1A, �1/�9, and �1/�12; slow
metabolizers (SM2A6)–�1A/�1A, �1A/�4, �1A/�7, �1A/�9, �1A/�12,�1/�4, �1/�7, �9/�9, and �9/�12; and poor metabolizers (PM2A6)–�4/�7, �4/�9, �7/�7, and �7/�9.
� , P < 0.05; ��, P < 0.01; ��� , P < 0.001; ���� , P < 0.0001. Metabolites with significant differences are shown in color.
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UGT2B17 is one of three enzymes involved in the metabolism of
3HC to 3HC-Gluc (4, 6). Subjects homozygous for the UGT2B17
deletion allele (n¼ 331) exhibited significantly increased urinary 3HC-
Gluc/TNE (P ¼ 0.0012) ratios as compared with subjects with at least
one wild-type UGT2B17 allele (n ¼ 142; Fig. 5A). The small 1.1-fold
increase in urinary 3HC/TNE observed in UGT2B17-deleted subjects
versus subjects with at least one UGT2B17 allele was not significant
(P ¼ 0.09). No other nicotine metabolites exhibited significant asso-
ciations with UGT2B17 genotype. The UGT isoforms 1A9 and 2B7
have also been reported to exhibit 3HC glucuronidation activity, but
no significant associations were observed for rs28898622 for UGT1A9,
or rs7439366, rs7434332, and rs10028494 for UGT2B7, and 3HC-
Gluc/TNE ratio in this study.

The FMO3�2 allele, previously described as the �Hap allele (10, 46),
includes the variants rs2266780 (31) and rs2266782 (9) that are in high
LD (r2 ¼ 0.837) in East Asian populations (47). Although several
enzymes are involved in NOX formation, only the FMO3�2 allele
was associated with the levels of urinary NOX in this study.
Subjects homozygous for the FMO3�2 allele (n ¼ 17) exhibited a
significant (P < 0.027) 1.6-fold decrease in urinary NOX/TNE ratio
as compared with subjects with one or more wild-type FMO3�1 alleles
(n¼ 416; Fig. 5B). Although no effect on NOX levels was observed for
the FMO3 rs2075992 variant, this variant was significantly associated
with increased TNE (P < 0.014) and decreased HPBA (P ¼ 0.035;
Supplementary Table S4).

For FMO1, the rs28384819 variant exhibited a significant (P ¼
0.014) increase in nicotine-Gluc formation, whereas the rs12044884

variant showed a significant (P ¼ 0.040) increase in NOX/TNE and a
decrease (P ¼ 0.018) in 3HC-Gluc/TNE. The FMO1 variants
rs7533889 and rs12044884 exhibited significant associationswith TNE
(P ¼ 0.026) and NMR (P ¼ 0.019), respectively, with the rs7533889
variant also exhibiting a significant (P ¼ 0.030) association with
decreased NMR (Supplementary Table S4).

CYP2B6 has been reported to play a role in the formation of
cotinine, nornicotine, and COX (10, 48, 49). Subjects heterozygous
for theCYP2B6 rs8192709 intron variant (n¼ 49) exhibited significant
(P¼ 0.04) decreases in urinary COX/TNE (Supplementary Table S4);
only one subject was homozygous for this variant and exhibited a
33.4% decrease in COX/TNE formation. Subjects homozygous for the
CYP2B6 rs4803419 intron variant (n ¼ 75) exhibited significantly
decreased urinary NMR (P ¼ 0.015) and HPBA/TNE (P ¼ 0.024)
ratios, and a near-significant (P¼ 0.066) increase in urinary nicotine-
Gluc/TNE ratio, as comparedwith subjects with at least one copy of the
wild-type CYP2B6�1 allele (n ¼ 378; Fig. 5C–E, respectively).
Although a role for CYP2C19 in COX formation was recently
described (10), no significant associations were observed between
CYP2C19 genotype and the levels of urinary COX in this study.

Discussion
In the present study, urinary nicotine metabolite profiles were

examined in a large population of Chinese smokers to determine
whether the levels of these metabolites are affected by deficiencies in
CYP2A6 activity and genotypes in nicotine-metabolizing genes. This is

A

E H

B

F

I

C

G

J

D

EM2B10 IM2B10 SM2B10 PM2B10

0

1

2

3

4

N
M

R

KW test = 0.64

EM2B10 IM2B10 SM2B10 PM2B10

0.00

0.05

0.10

0.15

0.20

H
P

B
A

/T
N

E
. .

KW test = 0.98

EM2B10 IM2B10 SM2B10 PM2B10

0.00

0.01

0.02

0.03

0.04

0.05

C
O

X
/T

N
E

KW test = 0.23

EM2B10 IM2B10 SM2B10 PM2B10

0.0

0.1

0.2

0.3

C
o

ti
n

in
e/

T
N

E
.

KW test = 0.049

EM2B10 IM2B10 SM2B10 PM2B10

0.00

0.05

0.10

0.15

N
ic

o
ti

n
e/

T
N

E

KW test = 0.41

EM2B10 IM2B10 SM2B10 PM2B10

0.00

0.05

0.10

0.15
C

o
ti

n
in

e-
G

lu
c/

T
N

E

KW test = <0.0001

****

***
***

****

*

EM2B10 IM2B10 SM2B10 PM2B10

0.00

0.05

0.10

0.15

N
ic

o
ti

n
e-

G
lu

c/
T

N
E

KW test = <0.0001

***

***
***

***

*

EM2B10 IM2B10 SM2B10 PM2B10

0.0

0.1

0.2

0.3

0.4

3H
C

/T
N

E

KW test = 0.0036

*

**

EM2B10 IM2B10 SM2B10 PM2B10

0.0

0.1

0.2

0.3

0.4

3H
C

-G
lu

c/
T

N
E

KW test = 0.17

EM2B10 IM2B10 SM2B10 PM2B10

0.00

0.02

0.04

0.06

0.08

N
O

X
/T

N
E

KW test = 0.72

Figure 4.

Urinary nicotinemetabolites in subjects stratifiedbyUGT2B10-metabolizing enzyme groups. Urinary levels ofA, nicotine/TNE;B, cotinine/TNE;C, 3HC/TNE;D,NMR;
E, nicotine-Gluc/TNE; F, cotinine-Gluc/TNE; G, 3HC-Gluc/TNE; H, NOX/TNE; I, COX/TNE, and J, HPBA/TNE. Subjects were stratified into the following UGT2B10-
metabolizing enzyme groups: Extensive metabolizers (EM2B10)–�1/�1; intermediate metabolizers (IM2B10)–�1/rs835316; slow metabolizers (SM2B10)–rs835316/
rs835316 and rs2942857/rs835316; and poor metabolizers (PM2B10)–rs2942857/rs2942857. Allele designations have not been described for SNPs rs835316 and
rs2942857 in theUGT2B10gene, so the rs numberwas usedas the allele designation. � ,P<0.05; �� ,P<0.01; ��� ,P<0.001; ���� ,P<0.0001.Metaboliteswith significant
differences are shown in color.
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the first study to undertake a comprehensive analysis of the effects of
genetic variants in nicotine-metabolizing enzyme genes and nicotine
metabolites in a Chinese population and, given the higher prevalence
of CYP2A6 deficient alleles in this population, it allowed for a more
thorough analysis of the importance of all pathways involved in
nicotine metabolism. Overall, the levels of nicotine metabolites
observed in this population were slightly different than that reported
for Caucasian populations (36). A mean 58% higher level of urinary
NOX and 35% higher level of nicotine-Gluc were observed in the
Chinese smokers examined in this study than that reported previously
for Caucasian populations (36). This corresponded with a mean 13%
decrease in the percentage of urinary 3HC in Chinese smokers when
compared with the levels reported for Caucasian smokers (36). This is
likely due to the higher prevalence of functional variants in the
CYP2A6 gene, including the �4, �7, and �9 alleles in the Chinese
population as compared with Caucasian populations (31, 50, 51). In
addition, the levels of cotinine-Gluc in the urine of theChinese subjects
examined in the present study were 37% higher than that observed in
Caucasian and African American populations (36, 44). This corre-
sponds with the lower prevalence of functional variants in UGT2B10
among the Chinese population as compared with either Caucasians or
African Americans (23, 40, 43). The relative levels of free nicotine, free
cotinine, COX, and HPBA observed in the present study were roughly
similar to those observed previously in Caucasian populations (12.7%
vs. 10.6%, 9.1% vs. 11%, 3.2% vs. 2.8%, and 9.9% vs. 8.9%, respective-
ly) (36). The metabolite profile data obtained in this Chinese popu-

lation were, however, similar to those reported for Japanese Amer-
icans, where the levels of NOX and nicotine-Gluc were both increased
by approximately 10% as compared with Caucasians (23). Together,
these data are consistent with a differential effect on nicotine metab-
olism by metabolizing enzyme allelic prevalence differences observed
between Asians and other racial groups.

When stratifying subjects by CYP2A6 activity using the urinary
NMR (cotinine/3HC) as a biomarker, a strong correlation was
observed between urinary cotinine and 3HC with the urinary NMR,
validating the use of the urinary NMR (the ratio of 3HC over cotinine)
as a biomarker for CYP2A6 activity. Interestingly, strong negative
correlations were also observed between the NMR and both urinary
NOX and nicotine-Gluc, whereas a strong positive correlation was
observed between the NMR and urinary 3HC-Gluc. When subjects
were stratified on the basis of NMRquartiles or ventiles, large increases
were observed in urinary NOX when comparing the highest versus
lowest NMR activity quartiles (3.5-fold) or ventiles (7.4-fold). A
similar pattern was observed for nicotine-Gluc, which exhibited
2.8- and 5.3-fold increases when comparing the highest versus lowest
NMR quartiles or ventiles, respectively. In contrast, the levels of 3HC-
Gluc were decreased by 2.4- and 5.3-fold when comparing the highest
versus lowest NMR quartiles or ventiles, respectively. Together, these
data suggest that when subjects exhibit low CYP2A6 activity, nicotine
metabolism is rerouted to other nicotine metabolism pathways,
including N-oxidation and glucuronidation, with the ultimate forma-
tion of 3HC-Gluc decreased due to lower levels of urinary 3HC in those
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Figure 5.

Urinary nicotine metabolites in subjects stratified by UGT2B17, FMO3, and CYP2B6 genotypes. A–E, A dominant model was used for all comparisons, with urinary
nicotine metabolites compared in subjects homozygous for the minor allele versus subjects with at least one copy of the major wild-type allele. Allele designations
have not been described for SNP rs48034419 in the CYP2B6 gene, so the rs number was used as the allele designation. � , P < 0.05; �� , P < 0.01.
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subjects. In addition, the fact that urinary nicotinewas onlymoderately
associated with urinary NMR in this population is consistent with
nicotine metabolism being shunted to other pathways (e.g., by N-
oxidation or glucuronidation) when CYP2A6 is deficient. These data
are consistent with a small study of Chinese smokers (n¼ 106) where
the levels of NOX were increased by 3.4-fold in the lowest versus
highest NMR ventile groups (9) and are also consistent with a previous
report indicating that NOX and nicotine-Gluc levels were as high as
31% and 46% of TNE, respectively, and 3HC was not detected, in two
subjects deleted for CYP2A6 (52).

HPBA had previously been reported to be a direct metabolite of
either nicotine or cotinine in a reaction mediated by CYP2A6
(11, 53, 54), and the present study is the first to examine HPBA levels
in the urine of a panel of Chinese smokers. Interestingly, a significant
negative correlation was observed between the NMR and HPBA levels
in the present study, with a 54% decrease in HPBA observed in the
lowest versus the highest NMR ventiles. Because theNMR is predictive
of CYP2A6 activity, these data are consistent with previous studies,
suggesting that CYP2A6 is likely to be an important enzyme involved
in HPBA formation.

Ethnic and racial differences in the distribution of metabolizing
enzyme genetic variants among different population groups, resulting
in differences in overall enzymatic activities and ultimately in differ-
ences in nicotine metabolite profiles, have been well described previ-
ously (23, 33). Specifically, it has been reported that populations of
Asian descent have an overall decreased amount of total nicotine
metabolites excreted via the CYP2A6-mediated pathway (cotinine and
3HC) due to increased prevalence of CYP2A6-deficient alleles (22, 52).
In the present study, a strong effect was observed for CYP2A6 genetic
variation on nicotine metabolism profiles. For example, urinary NOX,
nicotine-Gluc and cotinine-Gluc were 2.7-, 4.4-, and 1.3-fold higher,
respectively, in the PM2A6 group as compared with the EM2A6 group,
whereas urinary 3HC-Gluc was decreased by 65% in the PM2A6 group.
A 1.6-fold increase was observed for nicotine and a decrease of 68%
was observed for 3HC in the PM2A6 group versus the EM2A6 group. As
discussed above, when CYP2A6 activity is impaired, nicotine (and
cotinine) metabolism may be rerouted to non-CYP2A6 metabolism
pathways with CYP2A6-catalyzed formation of metabolites like 3HC
and its directmetabolite, 3HC-Gluc, decreased in the urine of smokers.
Consistent with the important role of CYP2A6 in the metabolism of
cotinine to 3HC, the NMR was decreased by 75% in the PM2A6 versus
EM2A6 groups, a pattern consistent with previous reports within the
Singapore Chinese Health study that demonstrated a decrease inNMR
in “poor” versus “normal”CYP2A6-metabolizing enzyme groups (26).

When analyzed individually, the CYP2A6 (�4), (�7), and (�9) alleles
showed significant associations with decreased levels of 3HC,
increased levels of NOX, increased levels of nicotine-Gluc, decreased
levels of 3HC�Gluc, and a significant effect on decreased urinary
NMR when comparing subjects homozygous for any of these alleles
with subjects containing no more than one of these alleles. This is in
agreement with data previously reported for Japanese, Korean and
Chinese populations (26, 28, 41, 55) and is also consistent with the loss-
of-function associated with these alleles; the CYP2A6�4 variant codes
for a whole deletion variant and is a gene knock-out (56, 57), the
CYP2A6�9 variant is a TATA box polymorphism (-48 T>G) that is
associated with reduced enzyme expression (29), and the CYP2A6�7
variant has an I471T amino acid substitution in the substrate recog-
nition site in exon 9 that has been associated with a lack of CYP2A6
nicotine oxidation activity (58). In addition, the CYP2A6�1A allele
showed a significant association with decreased levels of TNE in the
present study, with subjects homozygous for this allele exhibiting a

28% reduction in TNE as compared with subjects who were
homozygous wild-type or contained only one CYP2A6�1A allele.
This is consistent with previous studies showing an association
between this variant and reduced cigarette consumption (59) and late
onset of smoking (60), and in vitro studies suggesting that this variant
is associated with lower mRNA expression and slower nicotine
metabolism (50, 61).

UGT2B10 has been previously shown to be the major enzyme
involved in the glucuronidation of both nicotine and cotinine (3, 62),
andUGT2B10 genotypes exhibited a significant impact on the levels of
both urinary nicotine-Gluc and cotinine-Gluc in the present study.
Greater than 25-fold decreases were observed for both urinary nico-
tine-Gluc and cotinine-Gluc in the PM2B10 versus EM2B10 groups and
in subjects homozygous for the UGT2B10 splice variant (rs2942857 or
rs116294140) versus subjects with at least one wild type UGT2B10
allele. These data further support UGT2B10 as the main enzyme
catalyzing the formation of these metabolites (3, 36, 62), and are
consistent with that observed previously for the UGT2B10 splice
variant in African Americans (23) and that this variant codes for a
non-functional UGT2B10 isoform (43). The data are also consistent
with the pattern observed previously for the UGT2B10 D67Y variant,
which is similarly associated with large decreases in nicotine-Gluc and
cotinine-Gluc in Caucasians (33, 36, 40) and has been shown to be
non-functional in vitro (63). Although theMAF of the D67Y variant is
low in Chinese, two of the subjects examined were heterozygous for
this SNP in the present study and exhibited approximately 50%
decreases in levels of nicotine-Gluc and cotinine-Gluc as compared
with subjects who were wild-type for UGT2B10.

Functionally deficient UGT2B10 genotypes also exhibited an
important impact on cotinine levels. This is similar to that observed
for African American and Caucasian smokers, where it was demon-
strated that free plasma cotinine levels were up to 24% higher in
carriers of defective UGT2B10 alleles as compared with subjects
exhibiting the wild-type UGT2B10 genotype (64). In addition, signif-
icant increases in urinary 3HCwere observed in the EM2B10 versus the
combined SMþPM2B10 groups in the present study, indicating some
shuttling of cotinine metabolism to 3HC rather than cotinine-Gluc.
UGT2B10-induced variability in cotinine and/or 3HC levels could
potentially have important effects on the NMR because these are the
twometabolites that are used in the calculation of the NMR. However,
although we observed a 1.3-fold increase in the urinary NMR in the
PM2B10 versus EM2B10 groups, this increase was not significant. The
NMR has been used to assess nicotine dependence and smoking
behavior (65) and to aid clinicians in prescribing the most efficacious
pharmacotherapy for smoking cessation (66–68). The data from the
present study suggest that although pathways other than CYP2A6
metabolism of cotinine to 3HC may affect the levels of these meta-
bolites in vivo, thereby leading to potential variation in the NMR as a
biomarker of CYP2A6 activity and potentially affecting treatment
selection for smoking cessation therapy, variation in these pathways
may result in minor overall NMR variability.

Marginal effects on the levels of 3HC and 3HC-Gluc and no overall
effect on the urinary NMRwere observed for the UGT2B17 deletion in
this study. The lack of an effect on the urinary NMR is consistent with
that observed in previous studies (24, 69) and is consistent with
previous studies demonstrating that other UGTs, including UGTs
2B7 and 1A9, also play an important role in 3HC-Gluc formation (4, 6).
However, recent studies suggest that urinary 3HC/cotinine as a
measure of NMR may lead to some variability as a surrogate measure
ofCYP2A6 activity due to it not accounting for variability in 3HC-Gluc
formation (19).
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Similar to that observed in previous studies (9, 70), FMO3 genotype
influenced the levels of NOX in the urine of smokers in the present
study. Specifically, the FMO3�2 allele was associated with a 38%
decrease in urinary NOX, a pattern consistent with the 36% to 44%
decrease in urinary NOX observed previously in African Ameri-
cans (23, 24) and Caucasians (32, 70). Together, these data are
consistent with FMO3 playing an important role in nicotine
metabolism.

FMO1 variants have been previously associated with nicotine
dependence in both Caucasians and African Americans (8, 71).
Although not linked to altered levels of specific nicotine metabolites
including NOX in the present study, the FMO1 rs12044884 and
rs7533889 variants were associated with marginally significant
decreases in NMR, and the rs7533889 and rs28384819 variants were
also associated with decreased TNE, a reflection of total nicotine
exposure. Given the extra-hepatic expression of FMO1 in kidney and
brain, the genotype-associated effects on urinary NMR are consistent
with FMO1 playing a minor role in overall nicotine metabolism
whereas an effect on TNE may be associated with a role for FMO1
metabolism of nicotine locally within the brain.

A role for CYP2B6 in nicotine metabolism has been reported
previously, with it being suggested to play a more important role in
individuals with impaired CYP2A6 activity (72). In addition, differ-
ences in CYP2B6 expression have been previously reported to have
effects on nicotine metabolism (73, 74). An effect of CYP2B6 genotype
on nicotine metabolite profiles was observed in the present study,
with significant decreases in urinary NMR and HPBA observed in
subjects homozygous for the rs4803419 SNP as compared with sub-
jects with no more than one allele containing this CYP2B6 SNP. We
observed that the rs4803419 variant was significantly associated
with decreased urinary NMR (19.1%; P ¼ 0.015) and HPBA/TNE
(19.6%; P ¼ 0.024 and near-significant increases in nicotine-Gluc
(22.8%, P ¼ 0.066). These data are also consistent with a previous
report, suggesting that non-coding variation in CYP2B6 affects nic-
otine metabolism (73), and, similar to that observed for CYP2A6, is
consistent with deleterious CYP2B6 genotypes resulting in a rerouting
of nicotine metabolism to other pathways other than cotinine forma-
tion. In addition, the missense CYP2B6 rs8192709 variant was asso-
ciated with a 33% decrease in the levels of urinary COX in the present
study. This is consistent with in vitro results (10), suggesting that
CYP2B6 is an important enzyme involved in COX formation.

Recent in vitro studies suggest thatCYP2C19 is an important enzyme
involved in the formation of COX,with functional CYP2C19 genotypes
influencing COX formation in human livermicrosomes (10). Although
the known functional CYP2C19 �17 and �2 variants are infrequent in
the Chinese population (MAF < 0.02) and were not analyzed in the
current study, the three CYP2C19 variants that were examined
(rs4304697, rs35390752, and rs10509677) were not associated with
COX formation. No studies have as yet been performed examining the
potential functionality of these variants in vitro.

In summary, the data presented in the present study demonstrate
that when CYP2A6 activity is defective, nicotine metabolism is

rerouted to alternate nicotine metabolism pathways, including the
formation of NOX and nicotine-Gluc. It was also demonstrated that
genetic variants in CYP2A6 and other nicotine-metabolizing enzymes
play a significant role in the variation observed in individual nicotine
metabolism profiles. Interestingly, neither UGT2B10 nor UG2B17
genotypes significantly affected the NMR in this study, suggesting
that the urinary NMR (3HC/cotinine) is a relatively reliable biomarker
for CYP2A6 activity in vivo. Future studies in a larger population
should be performed to determine whether functional genotypes in
non–CYP2A6-catalyzed nicotine metabolism pathways play a role in
nicotine metabolite profiles in CYP2A6-deficient individuals.
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