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Abstract

Characterizing cotinine pharmacokinetics is a useful way to study nicotine metabolism because the
same liver enzyme is primarily responsible for the metabolism of both, and the clearances of
nicotine and cotinine are highly correlated. We conducted a whole-genome linkage analysis to
search for candidate regions influencing quantitative variation in cotinine pharmacokinetics in a
large-scale pharmacokinetic study with 61 families containing 224 healthy adult participants. The
strongest linkage signal was identified at 135 ¢cM of chromosome 9 with LOD=2.81 and

P=0.0002; two other suggestive linkage peaks appear at 31.4 and 73.5 cM of chromosome 11 with
LOD=1.96 (P=0.0013) and 1.94 (P=0.0014). The confidence level of the linkage between the three
genome regions and cotinine pharmacokinetics is statistically significant with a genome-wide
empirical probability of P=0.029.
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INTRODUCTION

Nicotine addiction, most commonly in the form of chronic cigarette smoking, is the largest
modifiable risk factor for morbidity and mortality in developed countries [Bergen and
Caporaso, 1999]. Smoking increases the risk of cardiovascular and pulmonary disease, lung
and other cancers, and a number of infectious diseases. The attributable risk of lung cancer
and chronic obstructive pulmonary disease due to smoking ranges between 80% and 90%
[Thun et al., 2002].

Nicotine metabolism is a complex trait, influenced by sex, environmental influences such as
diet and medications, as well as hepatic enzyme variation [Johnstone et al., 2006]. The rate
of nicotine metabolism influences smoking intensity [Hukkanen et al., 2005]. The influence
of genetics and genetic variation on the rate of nicotine metabolism has been estimated as
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being close to 60% [Swan et al., 2005]. The influence of variation attributable to common
variants of the gene for the liver enzyme CYP2A6, considered the principal enzyme involved
in the metabolism of nicotine, has been estimated to account for a small fraction (10-14%)
of the variation in total nicotine clearance [Nakajima et al., 1996; Swan et al., 2005]. Thus,
the identification of genes influencing nicotine clearance promises to improve our
understanding of the determinants of individual differences in nicotine pharmacokinetics.

Cotinine is the major proximate metabolite of nicotine, where ~75% of nicotine is
eliminated after it is transformed to cotinine and cotinine-derived metabolites [Hukkanen et
al., 2005]. Within individuals the clearance of nicotine and cotinine are highly correlated
[Zevin et al., 2000]. The concentration of plasma cotinine over time (the Area Under the
concentration-time Curve (AUC), from time zero to infinity) in relationship to the dose of
cotinine administered provides a measure of the total clearance of cotinine [Zevin et al.,
2000]. We used cotinine clearance as a surrogate for nicotine clearance in the linkage study
because the longer half-life of cotinine makes it is easier to study the pharmacokinetics of
cotinine than nicotine noninvasively.

MATERIALS AND METHODS

Sample set

For the investigation of cotinine pharmacokinetics, we utilized a family sample (Smoking in
Families study, known as SMOFAM (DA03706, Hyman Hops, PI, Oregon Research
Institute). The SMOFAM study is a comprehensive, repeated measures cohort study of
environmental and psychosocial risk factors for adolescent and young adult substance use,
including tobacco. The original SMOFAM study, initiated in 1984, recruited 763 families,
with at least one adolescent age 11 or older through advertisements in the newspaper, on
television and radio, and flyers distributed at middle and high schools in four mid-sized and
small urban and rural Pacific Northwest cities with populations ranging from 30,000 to
175,000. Families with smoking parents and/or adolescents were of special interest since the
adolescents were at risk for tobacco and other substance use. Within each family an
adolescent was designated as the “target” if s/he had previously tried a substance. Each
target had to have at least one parent agree to participate. An attempt was made to encourage
both parents and all sibs over the age of 11 to participate.

The only other requirement was that all participants needed to be able to read basic level
English. Seventy-five percent of the original number of families included at least one
smoking parent and 41.8% included an ever-smoking teen. Contrast families with
nonsmoking parents and adolescents were also recruited. At the beginning of the study,
target adolescents were ages 11-15 (mean = 13.2 years), 49% were males, 92% were
Caucasian, 2% Hispanic, 3% African American, and 2% Native American, and 52% were
from two-parent families.

Over a 17-year period, 15 annual assessments have been completed and as of the last
assessment, there were 465 target participants ranging from 27 to 31 years of age remaining
in the study. The repeated assessment of target participants facilitated characterization of
longitudinal phenotypes for tobacco use, including the acquisition and maintenance of
smoking, as well as many potential psychosocial and environmental predictors of substance
[Hops et al., 2000].

Probands and family members for the present study were recruited from those SMOFAM
families where the proband had completed at least seven of the first ten assessments on
tobacco use and elected to provide a blood sample for DNA analysis [Swan et al., 2003].
Families selected for analysis of nicotine and cotinine metabolism and other tobacco
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phenotypes consisted of the proband, and at least two living, ever-smoking (>100 cigarettes
in the lifetime), first-degree relatives. Individuals who had: 1) impaired renal or hepatic
function, or 2) were taking anticonvulsants, phenobarbital, or other agents that were
suspected to alter the metabolism of nicotine or cotinine were not eligible for participation in
the pharmacokinetic assessment. A total of 61 families containing 224 healthy adults
participated in the cotinine kinetics study. The participants included 106 males and 118
females with an average age of 39.2 (range 18 to 66) years and an average body weight of
85.5 (standard deviation 20.9) kilograms. The majority of participants (212 individuals,
94.6%) identified themselves as Caucasian with the remainder reporting non-Caucasian or
mixed origin. The Institutional Review Boards of SRI International, the University of
California at San Francisco, and at the Oregon Research Institute reviewed and approved the
study in accordance with the code of ethics of the World Medical Association (Declaration
of Helsinki).

Data collection

Because grapefruit juice affects the metabolism of cotinine, participants were asked to
refrain from grapefruit and grapefruit juice consumption for at least 48 hours prior to and for
the duration of the pharmacokinetic study [Hukkanen et al., 2006]. On the day of the study
participants remained on-site with the research nurse for nine hours. Breakfast, lunch,
snacks, and drinks were provided to the participants. All participants were given 1000 mg of
ammonium chloride to reduce variability in the renal clearance of nicotine and cotinine with
water one hour before dosing. After one hour, 10 mg of deuterium-labeled cotinine (COT-2,
4, 5, 6-d4) was administered to smokers, as these individuals already had natural cotinine in
their bodies as a metabolite of nicotine derived from either active tobacco use or passive
exposure to tobacco smoke. Unlabeled cotinine was supplied to non-smokers in the same
dosage. Two hours following dosing, the participant ate breakfast. Three hours after initial
dosing, a second dose of 1000 mg of ammonium chloride was administered in water.

Concentrations of cotinine in plasma and saliva are highly correlated, and Zevin et al.
showed that measurement of cotinine in saliva provides an accurate estimate of systemic
clearance of cotinine [Zevin et al., 2000]. We collected saliva samples (3-5 ml each) in
labeled containers from participants before dosing and at 6, 12, 24, 36, 48, and 60 hours
following dosing. Cotinine concentration was measured by gas chromatography-mass
spectrometry [Jacob P3rd et al., 1991]. AUC cotinine (ng/ml*hr) was calculated using the
trapezoidal rule over the interval of time (6, 12, 24, 36, 48, and 60 hours) when saliva
samples were measured, and using the terminal half-life to extrapolate the AUC after the end
of sampling [Zevin et al., 2000].

Genotyping and Linkage analysis

Genomic DNA was extracted from venous blood samples (Puregene, Gentra Systems, Inc.,
Minneapolis, MN) and the concentration measured via optical density. Genotypes were
determined for 739 dinucleotide microsatellite markers [Swan et al. 2006] on 211
individuals from 61 families (an average of 3.5 genotyped individuals per family, with 485
family members in total). There were N=93 parents with AUC data and N=92 parents with
genotypes. A sex-averaged genetic map developed by Applied Biosystems (Foster City,
CA), using 763 autosomal map positions generated from CEPH genotype data
(http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/
generaldocuments/cms_041230.pdf) was used in the linkage analysis.

All available genotypes were analyzed for each family using PREST to validate structure of
pedigree [Sun et al., 2002]. Pedcheck was used to detect non-Mendelian inheritance patterns
[O'Connell et al., 1998]. The probability that each genotype was correct was assessed in the
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context of all other available genotypes using the error-checking algorithm implemented in
Merlin [Abecasis et al., 2002]. Less than 0.5% of all genotypes were excluded after these
quality controls were applied.

Autosomal multipoint non-parametric linkage analysis (NPL) was performed on the final
genotype data in Merlin with the Kong and Cox exponential model with AUC cotinine as
the phenotype [Abecasis et al., 2002; Kong and Cox, 1997]. For evaluating impact on the
linkage by other factors, such as age, body weight, gender, and cigarette smoking (both
cigarette smoking status and cigarettes smoked per day), four covariates commonly
considered in pharmacokinetic research of nicotine, a linear regression was performed for
AUC cotinine along with covariates in R (The R Project for Statistical Computing, release
2.4.1, http://www.r-project.org/index.html). Akaike's information criterion (AIC) and
multistep optimization were used to build a best fitting model while considering possible
interaction of the covariates [Insightful Corporation, 2002]. Based on the optimized
regression model, residuals of the regression resulted in AUC cotinine values adjusted for
the effect of the covariates: age (P=0.09), gender (P=0.08) and body weight (P<0.001).
Neither cigarette smoking status nor cigarettes per day were included in the final regression
model (P>0.10). We repeated the original linkage analysis using the AUC cotinine values
adjusted for the effect of the covariates.

In all participants, the average AUC cotinine = 2341 ng/ml*hr, standard derivation = 977,
skew = 1.17, and kurtosis = 2.52. Normality of AUC cotinine could not be improved with
commonly used transformation functions (data not shown). However, non-normality of
AUC cotinine would be expected to have only a small impact on a linkage analysis utilizing
the Kong and Cox exponential model [Kong and Cox, 1997], because the score statistic used
in the exponential model is minimally affected by non-normality of data [Feingold, 2002].

Three suggestive linkage peaks with LOD > 1.86 were identified in Merlin for AUC
cotinine [Abecasis et al., 2002; Lander and Kruglyak, 1995]. The strongest linkage signal
appeared at 135 cM of chromosome 9 with LOD=2.81 (P=0.0002) (Fig. 1 a), between
markers D9S1682 and D9S290. The support interval with LOD > 2 extends 17 cM from 126
to 143 cM, between markers D9S289 and D9S164. The two other suggestive linkage peaks
for AUC cotinine occur on chromosome 11 (Fig. 1 b). The first one is located at 31.4 cM
with LOD=1.94 and P=0.0014 between markers D11S4190 and D11S915. The second one
is located at 73.5 cM with LOD=1.96 and P=0.0013 at marker D11S1314.

We performed a simulation in Merlin to estimate the empirical P-value of the three
suggestive linkage peaks [Abecasis et al., 2002; Sawcer et al., 1997]. Under the null
hypothesis with no linkage, the number of simulations with at least one linkage peak with
LOD > 1.94, > 1.96 or > 2.81 were 467, 455, or 75, respectively, in 1000 whole-genome
linkage analysis simulations. Overall statistical significance of our linkage findings for AUC
cotinine (all three linkage peaks) is the probability of at least three linkage peaks with LOD
>1.94, 1.96 and 2.81, appearing by chance in one whole genome linkage analysis. We
estimated the empirical probability of suggestive linkage between AUC cotinine and regions
of chromosomes 9 and 11 as P=0.029 since only 29 such cases were observed in 1000
simulations.

False discovery rate (FDR) was defined as the expected proportion of incorrectly rejected
null hypotheses [Benjamini and Hochberg, 1995]. In the present case, FDR indicates the
proportion of expected false linkage peaks among our three linkage peaks that are supported
using both conventional criteria for suggestive linkage and through simulation analysis. We
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observed a total of 620 linkage peaks with LOD > 1.94 in our 1000 simulations. The number
is larger than 467 (mentioned above) because more than one peak could be observed in a
single simulation. Thus, we expect one or less false linkage peak among our three identified
linkage peaks. The FDR of the three linkage peaks was 0.620/3 ~ 0.206 if the observed
linkage peaks are considered independently.

Analysis of regression residuals with the Kong and Cox exponential model in Merlin
identified linkage of AUC cotinine after adjustment for the covariates. Using the same
model and statistic enabled the comparison of the linkage results with or without adjustment
for covariates. Furthermore, this approach does not appear to be affected by possible type I
error inflation due to a non-Gaussian distribution [Feingold, 2002; Kong and Cox, 1997;
Sham et al., 2002]. The linkage signal of the residuals was compared to the three unadjusted
linkage peaks of AUC cotinine to evaluate the impact of covariates and to identify stable
linkage signatures. The analysis of residuals of AUC cotinine supported the extended region
of linkage on chromosome 9, with a peak located at 132.8 cM with LOD=2.01 (P=0.0012)
(Fig. 1 a), at marker D9S1682. The LOD score of the regression residuals on chromosome 9
is generally lower than that of the unadjusted AUC cotinine for the same region. There was a
minor shift in location of the linkage peak for adjusted AUC cotinine, which was only 2 cM
away from the linkage peak of unadjusted AUC cotinine. The 2 LOD supporting interval of
AUC cotinine completely overlaps the 1 LOD interval identified in the linkage analysis of
the residuals.

Both suggestive linkage regions on chromosome 11 exhibited increased LOD scores with
the residuals of AUC cotinine (Fig. 1b). The location and magnitude of the first peak of the
residual linkage analysis, was located at 33.9 ¢cM with LOD=2.07 and P=0.0011 at marker
D11S915, just distal to that found in the analysis of unadjusted AUC cotinine. In the second
extended linkage region, both linkage analyses exhibited two peaks, i.e., at 74 cM between
markers D11S1314 and D11S4207 and 85 cM, at D11S901. The LOD score of the proximal
peak in this region changed minimally from the unadjusted to adjusted AUC cotinine.
However, the distal peak in this region increased by nearly one LOD unit between the
unadjusted and adjusted AUC cotinine linkage analyses, with a peak LOD of 2.81
(p=0.0002) at 84.8 cM, with a LOD > 2.0 support interval from 81 cM to 89 cM, between
markers D11S937 and D11S4147. Our initial AUC cotinine linkage findings are fully
supported by the linkage analysis of residualized AUC cotinine because the LOD scores of
all three linkage peaks are larger than the criterion for suggestive linkage (LOD = 1.86)
[Lander and Kruglyak, 1995].

We further note the presence of linkage peaks for AUC cotinine (unadjusted and adjusted)
with LOD scores > 1 distributed on eleven chromosomes (Table I and Figure S1), and note
that the largest extended regions of linkage appeared on chromosomes 9 and 11.

DISCUSSION

Due to the labor-intensive nature of the protocol, sample size is limited in most
pharmacokinetic studies and, therefore it may be difficult to apply whole genome-wide
association methods with adequate statistical power. Linkage analysis is more powerful than
whole genome association study in many genetic scenarios and has successfully identified
risk loci for several complex traits in the past twenty years [Blangero, 2004; Tu and
Whittemore, 1999]. The three linkage regions identified in this analysis overlapped with
chromosome regions that were identified previously as “significant” or “suggestive”
linkages in at least two different well-performed linkage studies of nicotine dependence [Li,
2008]. Specifically, the chr9q region identified in this study overlaps suggestive linkage
peaks identified in linkage analyses of nicotine dependence measures in both European and

Am J Med Genet B Neuropsychiatr Genet. Author manuscript; available in PMC 2010 June 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

He et al.

Page 6

African-American families ascertained on alcohol and nicotine dependence criteria,
respectively, and the chrl1 regions identified in this study are flanked by two chrl1 regions
that have been identified in linkage analyses of nicotine dependence in six family samples
from the United States, Finland and Australia, ascertained using a variety of clinical and/or
population criteria [Bergen et al., 1999; Li et al., 2006; Li, 2008].

With preliminary evidence from a linkage study such as the present one, a candidate gene-
based approach may represent a better choice for further genetic exploration. The loci for
hepatic enzymes considered to be involved in nicotine and cotinine metabolism include the
chr19g13.2 p450 cytochrome loci, the flavin containing monooxygenase loci, found on
chrlg21.1 and 1g24.3, and the uridine diphosphate-glycosyltransferase loci, found on
chr2qg37 and chr4q13, respectively [Davis et al., 1986; McCombie et al., 1996; Monaghan et
al., 1992; Van Es et al., 1993]. However, no LOD score > 1 was found at these loci in our
study. A limited effect size of functional variations affecting cotinine clearance at these loci
in this particular sample, or a sample size limiting statistical power, may explain this result
[Swan et al., 2005].

There are a total of 561 genes under the 9q and chrl1 linkage peaks (Human Genome Build
36.2, CHR9:115455388-135245933, CHR11:17445082-31319866,
CHR11:69627739-94298127), but none currently with annotation indicating a role in
hepatic metabolism, suggesting that additional molecular genetic analyses will be necessary
to develop evidence for candidate genes involved in cotinine and nicotine clearance in these
regions [Maglott et al., 2007]. We have performed multiple comparison-adjusted analyses of
gene functional annotation [Mi et al., 2007] and note that olfactory receptors and ubiquitin-
protein ligases are significantly overrepresented in these three regions. The ubiquitin-
proteosome system has been shown to be down-regulated by nicotine [Kane et al., 2004;
Ficklin et al., 2005; Rezvani et al., 2007], a potential mechanism affecting nicotine
metabolism that could be evaluated using candidate gene approaches.

In summary, we have conducted a linkage study of cotinine pharmacokinetics using
unadjusted and residualized AUC cotinine and have identified three chromosomal regions
that may contain candidate loci influencing the pharmacokinetics of nicotine and cotinine
with genome-wide statistical significance (P=0.029, FDR=0.206).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Linkage peaks on Chromosomes 9 and 11. Multipoint LOD traces for AUC cotinine and
residualized AUC cotinine of a) chromosome 9 and b) chromosome 11.
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TABLE |

Chromosome Regions with LOD > 1.

Chr and region™ AUC cotinine (cM)

Residualized AUC cotinine (cM)

Chr4
Chr71
Chr71l
Chr9
Chr 10
Chr1l1
Chri111l
Chr 11 11
Chr 14
Chr 15
Chr 18
Chr 19
Chr211
Chr2111
Chr 22

179.30-187.00
17.45-31.58
70.58-74.73
120.00-156.45
22.30-49.23
68.36-87

13.83-14.10
52.00-55.75
0.00-2.43
0.00-7.4
20.80-21.60
8.33-16.05

15.23-27.30
127.73-143.33
149.70-151.66
26.87-46.97
68.37-93.25
131.88-141.70
123.83-131.60
0.00-19.43
52-55.76
0.00-9.73
0.00-12.27
15.80-28.6

*
The Roman numerals denote different regions of linkage on the same chromosome.
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