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Abstract

Background: Cotinine is the most widely used biomarker of tobacco exposure. At similar
smoking levels African Americans (AAs) have higher serum cotinine than Whites. UGT2B10-
catalyzed cotinine glucuronidation impacts these levels, and AAs often have low UGT2B10
activity due to a high prevalence of a UGT72B10splice variant (rs2942857).

Methods: Two UGT2B10 SNPs (rs6175900 and rs2942857) were genotyped in 289 AA and 627
White smokers. Each smoker was assigned a genetic score of 0, 1 or 2 based on the number of
variant alleles. Total nicotine equivalents (TNE), the sum of nicotine and 6 metabolites, and serum
cotinine and 3’-hydroxycotinine were quantified. The contribution of UG T2B10 genetic score to
cotinine concentration was determined.

Results: Serum cotinine was significantly higher in smokers with UGT72B10 genetic scores of 2
versus 0 (327 ng/ml versus 221 ng/ml, p<0.001); TNE were not different. In a linear regression
model adjusted for age, gender, CPD, TNE, race, and CYP2AG6 activity, geometric mean cotinine
increased 43% between genetic score 2 versus 0 (p<0.001). A 0.1 increase in the CYP2A®6 activity
ratio, 3"-hydroxycotinine/cotinine, resulted in a 6% decrease in cotinine. After adjustment for
UGTZ2B10genotype and the other covariants there was no significant difference in serum cotinine
by race.
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Conclusion: UGT2B10genotype is a major contributor to cotinine levels and explains the
majority of high serum cotinine in AA smokers.

Impact: Cotinine levels in smokers may greatly overestimate tobacco exposure and potentially
misinform our understanding of ethnic/racial difference in tobacco-related disease if UGT2B10
genotype is not taken into account.

Introduction

The nicotine metabolite cotinine is the most widely used biomarker of nicotine intake and
tobacco exposure (1). However, cotinine levels in blood and urine are influenced by
differences in metabolism of nicotine and cotinine (1-4). The effect of racial/ethnic
differences in metabolism on the relatively high plasma cotinine levels in African American
compared to White smokers has been recognized for many years (5, 6). However, the
primary driver of this difference, cotinine glucuronidation, has only recently been
appreciated (7).

The major pathways of nicotine metabolism are presented in Figure 1. In most smokers,
greater than 75% of the nicotine dose is metabolized by CYP2A6- catalyzed 5 -oxidation
(8). The iminium ion product of this reaction is further oxidized to cotinine by either
CYP2AG6 or aldehyde oxidase (8, 9). Cotinine is then metabolized to trans3’-
hydroxycotinine (HCOT) or to cotinine A-glucuronide. Nicotine is also metabolized by A-
glucuronidation as well as A-oxidation (Figure 1). The A-glucuronidation of both nicotine
and cotinine is catalyzed by UGT2B10 (10, 11). CYP2AG6 is the catalyst of cotinine
oxidation to HCOT and the ratio of HCOT to cotinine in plasma or total HCOT to cotinine in
urine are measures of CYP2AG activity [“total” refers to the sum of the compound and its
glucuronide conjugate]. The sum of the urinary concentration of nicotine and its six major
metabolites, referred to as total nicotine equivalents (TNE), is an excellent biomarker of
nicotine dose and therefore tobacco exposure (1, 12). In contrast to cotinine, TNE is not
significantly influenced by individual differences in metabolism.

More than 30 years ago (13), it was reported that average plasma cotinine levels were higher
in African Americans compared to White smokers who used a similar number of cigarettes
per day (CPD). Some of this difference has been attributed to higher smoking intensity
among African Americans than Whites (5). That is, more nicotine is taken up per cigarette.
However, even after adjusting for TNE the difference persists (7). In addition, African
American smokers administered deuterated cotinine and abstinent African American
smokers on the nicotine patch excreted a much lower percentage of cotinine as a glucuronide
conjugate than do White smokers under the same conditions (6, 14).

UGT2B10 is the primary if not exclusive catalyst of cotinine glucuronidation in smokers and
a UGT2B10 splice variant, present at a high frequency in African Americans, contributes
significantly to low levels of cotinine glucuronidation (3, 4, 15, 16). In a GWAS carried out
in a subset of current smoker from the multiethnic cohort 33.2% of the variation in the
fraction of urinary cotinine excreted as its glucuronide conjugate was explained by 15
independent and globally significant SNPs (16). In African Americans 55% of the variance
was explained by these SNPs. The strongest single SNP association was for rs115765562,
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which is highly correlated with the UGT2B10 splice variant. The splice variant together with
rs6175900 (Asp67Tyr) explains 24.3% of the variation in all 5 ethnic groups and the vast
majority of the variation in African Americans. Smokers homozygous for either of these
SNPs excreted no cotinine glucuronide (4, 16).

We recently reported that serum cotinine levels are significantly impacted by a smoker’s
ability to glucuronidate cotinine (7). Smokers who excrete no cotinine glucuronide, that is,
those who have no UGT2B10 activity have 48% higher serum cotinine levels than smokers
with UGT2B10 activity. In addition, when a smoker’s serum cotinine concentration was
adjusted for their cotinine glucuronidation activity, there was no longer a significant
difference between the serum cotinine of African American smokers compared to White
smokers. In the study presented here we investigated directly the effect of UGTZ2B10
genotype on serum cotinine levels and determined the contribution of UG72B10 genotype to
cotinine levels in African American and White smokers.

Materials and Methods

Study population

Biomarkers

This study was carried out using participants from a randomized trial of reduced nicotine
content cigarettes (17). Only baseline samples were used. The subjects included were those
who self-described as non-Hispanic Black or White and for whom urine, serum and DNA
was available. At baseline, the participants were smoking their usual brand of cigarette and
did not report using any other nicotine containing products in more than 9 of the last 30
days. Eligibility criteria for the trial included an age of 18 years, use of at least 5 CPD and
either expired carbon monoxide levels >8ppm or urinary total cotinine >100ng/ml at the
screening visit. Among these participants, two UG72B10 variants (rs61750900 and
rs2942857) were successfully genotyped in 289 of 300 African American smokers and 627
of 650 White smokers. The average CPD was assessed with the use of an interactive voice
response system (InterVision Media), which telephoned and asked participants to report the
number of cigarettes smoked in the past day. The demographic parameters are presented in
Table 1.

Liquid chromatography with tandem mass spectrometry was used for the analyses of
urinary, saliva, and serum biomarkers as previously described (4, 17, 18). In urine (first
morning void) total nicotine, total cotinine, total HCOT, nicotine A-oxide and cotinine were
quantified. Total refers to the sum of the analyte and its glucuronide conjugate and was
measured by treating the urine with B-glucuronidase prior to analysis. TNE values were
calculated as the sum of total nicotine, total cotinine, total HCOT and nicotine A-oxide.
UGT2B10 phenotype was determined as the urinary ratio of total cotinine to cotinine. A
phenotype ratio of 1 would reflect no UGT2B10 activity. As in a prior study, participants
were assigned a UGTZB10 genetic score based on two SNPs rs61750900 and rs2942857 (4).
Specifically, scores were as follows: score 0, rs61750900 GG and rs116294140 AA, score 1,
rs61750900 GT or rs116294140 CA,; score 2, rs61750900 TT or rs116294140 CC, or both
rs61750900 GT and rs116294140 CA. Cotinine and HCOT were quantified in serum and the
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ratio of HCOT to cotinine was calculated as a measure of CYP2AG activity as previously
described (23).

Saliva samples were collected by Oragene-Discover kits (https://www.dnagenotech.com)
and DNA was isolated using Qiagen QlAamp DNA mini kit per manufacturer’s instructions
(https://lwww.giagen.com) . Genotyping for the two UGT72B10variants rs61750900 and
rs2942857 were carried out in the University of Minnesota Genomic Center using the
iPLEX gold method (Agena San Diego, CA). iPLEX reagents and protocols for multiplex
PCR, single base primer extension, and generation of mass spectra were carried out per the
manufacturer’s instructions (https://agenabio.com/products/applications/genotyping-and-
mutation-detection/). The design sequences for the amplicons used are provided in
Supplemental Figure 1. In the case of rs61750900, the original design sequence resulted in a
poor call rate in African Americans. This was likely due to SNPs in the amplified DNA that
were present in African Americans and not Whites, therefore, a new longer amplicon was
designed and performed well on all samples.

Statistical analysis

Results

Participant characteristics including demographics, baseline CPD, biomarkers, UGT2B10
phenotype, and allele frequencies for UGT2B10 genotype were summarized and compared
by race using the sample mean, sample proportion, or geometric mean, as appropriate.
Biomarkers were compared by genotype score and UGTB10 phenotype using ANCOVA in
unadjusted analyses and analyses adjusting for covariates. Comparisons of urinary
biomarkers by genotype score were adjusted for age, gender, and race, comparisons of
serum cotinine by genotype score were adjusted for age, gender, CPD, TNEs, race, and
NMR, and comparisons of biomarkers by UGTB10 phenotype were adjusted for CPD, TNE,
and total to free cotinine ratio. Throughout, biomarkers were analyzed on the log scale and
differences were summarized by the ratio of the geometric mean.

The African Americans in this study smoked 30% fewer CPD than Whites, and their TNE
concentration was 10% lower (Table 1). However, despite lower levels of smoking, serum
concentration of cotinine was higher in African Americans compared to Whites (Table 1,
mean: 302 ng/ml vs 258 ng/ml, p<0.001 geometric mean 260 ng/ml vs 229 ng/ml, p =
0.002). In addition UGT2B10 phenotype, a measure of cotinine glucuronidation, was
significantly lower in African Americans than in whites (2.03 vs 3.04, p<0.001). This
observed difference in glucuronidation is due to the high prevalence of a UGTZ2B10splice
variant (rs2942857) in African Americans (36.2%).

To determine the effect of UG72B10genotype on serum cotinine, participants were assigned
a genetic score that has been used previously (4). The score is based on two UGT2B10
variant alleles, the splice variant (rs2942857) and an Asp 67Tyr variant (rs61750900), both
of which code for non-functional enzyme. The splice variant allele frequency was 36.2% in
African Americans and 0.4% in Whites (Table 1). The Asp67Tyr variant occurred more
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frequently in Whites than in African American (10.5% vs 4.7% allele frequency). Smokers
were assigned a genetic score of 0, 1, or 2, depending on the number of variant alleles they
carried. These scores were associated with UGT2B10 phenotype, the ratio of total cotinine
to cotinine (Table 2). Smokers with a genetic score of 2 excreted no cotinine glucuronide
(UGT2B10 phenotype 1.02), whereas those with a score of 0 excreted almost twice as much
cotinine glucuronide as unconjugated cotinine (UGT2B10 phenotype 2.88, Table 2). The
UGT2B10 phenotype of smokers with a genetic score of 1 excreted approximately equal
amounts of cotinine and cotinine glucuronide (UGT2B10 phenotype 1.95). When these data
are stratified by race, the relationship of UGT2B10 phenotype to the genetic score is similar.
Although, African Americans with scores of 1 and 2 had lower UGT2B10 phenotype values
(i.e. less cotinine glucuronide) than did Whites with these scores. All differences in
UGT2B10 phenotype by genetic score were significant (p<0.001, Supplemental Table 1).
TNE concentrations did not vary by UGT2B10 genetic score, nor did serum nicotine, or
HCOT levels. However, serum cotinine was directly related to UGT72B10 genotype in both
White and African American smokers. Smokers with both variant alleles (risk score 2) had
significantly higher serum cotinine levels (327 ng/ml) than smokers with one or no variant
alleles, 261 ng/ml and 222 ng/ml, respectively (Table 2, p<0.001). The same significant
effect was observed regardless of race (Table 2, p<0.001). However, a much higher
percentage of African Americans carry these variant alleles. Eighty percent of Whites carry
neither the splice nor Asp67Tyr variant compared to only 34% of African Americans.

The contribution of the covariants, age, gender, CPD, TNE, UGT72B10 genetic score, race
and CYP2AG6 activity to serum cotinine levels are reported in Table 3. The major contributor
by far was UG T2B10 genetic score. In an unadjusted regression model, a difference in
genetic score of 0 compared to 2 results in a 43% increase in the geometric mean cotinine
concentration. This increase is unchanged when the model is adjusted for the other 6
variables. A 1 point difference in UGT2B10 genotype score results in a 19% increase in the
geometric mean of serum cotinine (Supplemental Table 2). In comparison, a difference of 5
CPD results in a 9% increase in the geometric mean. CYP2AG6 activity, the ratio of HCOT to
cotinine in serum, referred to as the nicotine metabolite ratio (NMR), had a modest effect on
the serum cotinine point estimate (a 6% decrease for a difference of 0.1). The geometric
mean NMR was 0.25 in African Americans and 0.38 in Whites (Table 1). After adjustment
for UGTZB10genetic score and the other variables in the model there is no significant
difference in serum cotinine by race (Table 3, p = 0.116).

As in prior studies, the percentage of TNE excreted in the urine as total cotinine was
significantly lower in smokers with a genetic score of 2 versus 0 (Table 4, 10.5% versus
19%, p<0.001). In contrast, the percent of free cotinine excreted increases. Total nicotine
excreted was also significantly lower in smokers with a genetic score of 2 compared to 0,
due to the lack of nicotine glucuronide in smokers who do not produce functional
UGT2B10. The observed variation in cotinine and total cotinine with UGT2B10 genetic
score significantly influenced two urinary measures of CYP2A6 activity, the ratio of total
HCOT to total cotinine, and the ratio of total HCOT to cotinine. However, if these ratios are
adjusted for race, UG TZB10 genetic score does not significantly affect the ratio of total
HCOT to cotinine (Table 4, p = 0.955). When the data in Table 4 is stratified by race, the
ratio of total HCOT to total cotinine (but not the ratio of total HCOT to cotinine) varies
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significantly by UGT2B10 genetic score (Supplemental Table 3). Similarly, the serum NMR
stratified by race was not significantly affected by UG72B10 genotype (Table 2 and
Supplemental Table 1).

Discussion

Serum cotinine levels are higher in African American smokers, NRT (nicotine replacement
therapy) users, and non-smokers exposed to tobacco smoke than they are in Whites with
similar exposures to nicotine (13, 14, 19, 20). It was recognized by Benowitz et al. more
than 20 years ago that a significant subset of African Americans glucuronidate cotinine
much less efficiently than do Whites (6). The enzyme responsible for the glucuronidation of
cotinine in smokers is UGT2B10 (10, 11), and smokers homozygous for either of two SNPs
in the UGT2B10 gene excrete no cotinine glucuronide (4). In the study reported here we
confirm that these two SNPs, an Asp 67Tyr variant and a splice variant are by far the
greatest contributors to serum cotinine concentrations, independent of race. The high
frequency of the UGTZ2B10splice variant in African Americans explains much of the higher
cotinine concentrations in these smokers compared to White smokers. CYP2AG6 activity
contributes a much smaller amount to serum cotinine levels. A 0.1 unit decrease in the NMR
results in a 6% increase in serum cotinine, whereas smokers who carry two variant
UGTZ2B10alleles have a 43% higher cotinine level than those smokers who carry no variant
allele. The magnitude of the effect of UGT2B10 genotype is striking given that an increase
of 5 CPD or 20 nmol/ml TNE results in only a 9% increase on serum cotinine. Race
(African American versus White) has no additional influence on geometric mean serum
cotinine levels when adjusted for age, gender, CPD, TNE, UG T2B10genotype and NMR.

We reported a relationship between the Asp67Tyr UGT2B10variant and serum cotinine
levels more than 10 years ago (3). The study was carried out prior to the characterization of
the UGT2B10splice variant, but only 8% of the participants were African American (87%
were White). The prevalence of the Asp 67Tyr variant was 10.6%, similar to that reported
here. There were no homozygous variant individuals. The mean serum cotinine
concentration of UGT2B10heterozygous individuals was 20% higher than in smokers who
did not carry the variant allele, even though the mean TNE level of the heterozygous
smokers was about 15% lower. In a GWAS, plasma/serum cotinine levels were significantly
associated with a SNP in the region of UGT2B10that was in high linkage with the
Asp67Tyr variant (21). The minor allele was associated with an increase in cotinine of 39
ng/ml (mean cotinine levels were about 180 ng/ml). The data in these two studies are
consistent with the magnitude of the increase in serum cotinine we attributed to UGT2 B10
genotype, 19% higher in smokers with one variant allele. In addition more recently,
UGTZ2B10 genotype was confirmed to have a significant impact on cotinine
pharmacokinetics in African American smokers (22).

We observed here, as we have in previous studies, that urinary cotinine levels account for a
significantly higher percentage of the total TNE excreted by smokers who carry either the
UGTZBI10splice variant or the Asp67Tyr variant (3, 4). Therefore, urinary cotinine levels,
like plasma levels, may overestimate tobacco and nicotine exposure. In contrast, total
cotinine levels might underestimate exposures in these smokers, since the percentage of
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TNE excreted as total cotinine by these smokers was lower than in smokers who do not
carry these UGT2B10variants. The percentage of TNE excreted as HCOT was higher in
smokers with 2 variant UGT2B10zalleles (genetic score 2) than in those with either one or
no variants, but the difference was not significant. This change in the distribution of cotinine
and its metabolites by UGT72B10 genotype resulted in a significant difference in the ratio of
total HCOT to total cotinine, which has been used as a measure of CYP2AG6 activity. This
difference remains significant after adjustment by race. Using this urinary metabolite ratio
might result in smokers with UGT2B10 variants being misclassified as having high
CYP2AG activity. After adjustment by race or stratification by race the urinary ratio of total
HCOT to cotinine was not significantly different by UGT2B10 genetic score. The plasma
NMR ratio was also unaffected by UGT72B10 genotype when stratified by race.

In many clinical, epidemiological and genome wide association studies serum cotinine levels
are used to access the relationship of tobacco use to the outcome of interest, be that tobacco
dependence or disease risk (1). However, as reported here for UGT2B10 genotype and
previously for cotinine glucuronidation phenotype, the serum concentration of cotinine is
significantly impacted by UGT2B10 activity (7). In contrast, there is not a significant
association of TNE with either UGT2B10 genotype or activity (7, 16). We and others have
reported higher TNE in AA smokers compared to Whites at similar levels of CPD (4, 23).
The higher TNE levels, likely a reflection of increased smoking intensity, appear to explain
much of the reported increased lung cancer risk in AA compared to Whites at relatively low
CPD (24). Serum cotinine has also been related to lung cancer risk, and in many studies is a
useful measure of tobacco exposure (25). However, in some populations with a high
prevalence of UGT2B10 variants cotinine levels will be confounded by UGT2B10 genotype,
which if not controlled for could lead to misinterpretation of the data in these studies.

In summary, the data from this study support the conclusion that UGT72B10genotype is a
major contributor to cotinine concentrations in smokers, and explains the vast majority of
the relatively high cotinine values found in African American smokers. Mean cotinine
concentration is predicted to be significantly higher in smokers with no functional
UGT2B10. Specifically, we found that smokers with comparable smoking levels who do not
metabolize cotinine will have on average 43% higher levels of serum cotinine. Due to the
high prevalence of the UGT2B10splice variant in African Americans, 15% of African
American compared to 1% of White smokers will not glucuronidate cotinine. Therefore, this
ethnic/racial group will have higher mean cotinine levels at similar levels of tobacco
exposure. Based on this UG T2B10 genotype study, as well as our prior UGT2B10
phenotype study (7) and a pharmacokinetic study by other investigators (22), we conclude
that the tobacco exposure biomarker cotinine will greatly overestimate exposure in African
Americans compared to other ethnic/racial groups if UGT2B10 genotype (or activity) is not
taken into account.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1.

Demographics and biomarkers of nicotine exposure and metabolism®.

Variable Afric(a.rl]ﬁ:A;ggr)icans (nwzhlés%
Age (yrs) 47.3 (11.1) 45.2 (14.5)
Sex
Women 122 (42%) 280 (45%)
Men 167 (58%) 347 (55%)
BMI (kg/m?) 30.9 (7.5) 289 (6.3)°
CPD 13.6 (6.4) 1949.2) €
TNE (nmol/ml)
Mean (SD) 74.1 (48.1) 817 (545)0'
Geometric mean (min, max) 60.5 (11.7, 298.8) d

66.8 (10.7, 329.2)
Serum Cotinine (ng/ml)

Mean (SD) 302 (157.1) 258 (124.4) c

Geometric mean (min, max) 260 (44.2, 1045.4) 229 (26, 854 9)a’

Serum HCOT/Cotinine!

Mean (SD) 0.3(0.21) 0.44 (0.24) c
Geometric mean (min, max) 0.25 (0, 1.98) 0.38 (0.01, 1.95) c
UGT2B10 phenotypeb 2.03 (1.03) 3.04 (1.53) ¢
UGT2B10 genotype allele frequency  rs61750900
- Tallele 4.7% 10.5%
rs2942857
- Callele 36.2% 0.4%

a\/alues in parentheses are standard deviations unless described otherwise. Abbreviations: BMI, body mass index, CPD, cigarettes per day, TNE,
total nicotine equivalents, HCOT, frans 3’ -hydroxycotinine

b . . - -
The ratio of urinary total cotinine/cotinine

cSignificantIy different between African Americans and Whites p<0.001

1duosnuey Joyiny
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dSignificantIy different between African Americans and Whites p<0.05
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