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Abstract

Introduction: Pregnancy-induced increases in nicotine metabolism may contribute to difficulties in
quitting smoking during pregnancy. However, the time course of changes in nicotine metabolism
during early and late pregnancy is unclear.This study investigated how pregnancy alters the nicotine
metabolite ratio (NMR), a common biomarker of nicotine metabolism among nonpregnant smokers.
Methods: Urinary NMR (trans-3’-hydroxycotinine [3HC]/cotinine [COT]) was assessed using total
(free + glucuronide) and free compounds among women (N = 47) from a randomized controlled
trial for smoking cessation who self-reported smoking and provided a urine sample during early
pregnancy (M + SD = 12.5 + 4.5 weeks' gestation), late pregnancy (28.9 + 2.0 weeks’ gestation),
and 6 months postpartum (24.7 + 1.2 weeks since childbirth). Urine samples were analyzed using
liquid chromatography-tandem mass spectrometry and NMR were calculated as Total 3HC/Free
COT, Free 3HC/Free COT, and Total 3HC/Total COT.

Results: NMR was significantly higher during early and late pregnancy compared to postpartum
and significantly increased from early to late pregnancy as measured by Total 3HC/Free COT (0.76,
0.89, 0.60; all p's < .05) and Free 3HC/Free COT (0.68, 0.80, 0.51; all p's < .05). Total 3HC/Total COT
did not vary over time (p = .81).

Conclusions: Total 3HC/Free COT and Free 3HC/Free COT increased in the first trimester and contin-
ued to increase throughout pregnancy, suggesting a considerable increase in nicotine metabolism
over gestation. Future analyses are needed to interpret the changes in NMR in the context of nicotine
pharmacokinetics, as well as its impact on changes in smoking behavior and cessation outcomes.
Implications: We observed that the NMR was significantly higher as early as 12 weeks’ gestation
and increased further as a function of gestational age. Among nonpregnant smokers, elevated
NMR is associated with smoking phenotypes such as smoking more cigarettes per day and poorer
response to nicotine patch; therefore, pregnancy-induced increases in the NMR may contribute to
smoking during the first trimester of pregnancy and reducing or quitting smoking may become
more challenging as the rate of nicotine metabolism accelerates over the course of pregnancy.
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Introduction

Despite known health risks, approximately 14% of US women
continue to smoke while pregnant, which translates to nearly half
a million pregnant cigarette smokers each year.! One factor that
may contribute to continued smoking antepartum is pregnancy-
induced increases in nicotine metabolism and clearance. In a key
study evaluating nicotine pharmacokinetics, 10 pregnant smokers
received intravenous infusions of labeled nicotine-d2 (NIC-d2) and
cotinine-d4 (COT-d4), and concentrations of parent compound and
metabolites were measured in sessions conducted 1-2 times antepar-
tum (16—40 weeks’ gestation) and/or 1 time postpartum (212 weeks
postpartum).> The clearance rates of nicotine and COT were 60%
and 140% higher, respectively, during pregnancy compared to post-
partum. No differences were observed within the antepartum period,
although only three women received infusions during both the sec-
ond and third trimesters.

A less invasive approach widely used to estimate the rate of the
nicotine clearance among nonpregnant smokers is the nicotine metab-
olite ratio (NMR), which is the ratio of trans-3’-hydroxycotinine
(3HC) to COT. The hepatic liver enzyme cytochrome P450 2A6
(CYP2A6) is primarily responsible for converting nicotine to COT
and entirely responsible for converting COT to its proximate metab-
olite 3HC.>* The ratio of 3HC to COT serves as a surrogate for
CYP2A6 activity and is strongly correlated with total nicotine clear-
ance.”® The NMR, which can be measured in plasma, saliva, and
urine, varies considerably from person to person due to extensive
genetic variation in CYP2A6.” Higher NMRs are associated with
numerous smoking phenotypes including smoking more cigarettes
per day, greater nicotine dependence, and poorer response to nico-
tine patch, making it a potentially useful biomarker for individual-
izing smoking cessation treatment.®® However, little is known about
how the NMR s altered over the course of pregnancy.

To the best of our knowledge, a recent cohort study is the only
study to date to examine the NMR during and following pregnancy.’
Salivary NMR was assessed during the first, second, and/or third tri-
mesters of pregnancy and at 4 and/or 12 weeks postpartum; not all
participants provided a sample at every time point. Overall, the NMR
varied significantly over time, appearing higher antepartum compared
to postpartum. Statistical analyses using the NMR at 12 weeks post-
partum as the reference indicated NMR levels were 15%, 26 %, 23%,
and 9% higher in the first, second, and third trimesters, and 4 weeks
postpartum, although only NMR assessed during the second and third
trimesters were significantly higher; the substantial interindividual vari-
ation in NMR makes assessment of this data challenging to interpret.

Opverall, previous studies*’ provide evidence of increased nicotine and
COT clearance and higher NMR levels during antepartum compared to
postpartum, but leave uncertain when significant increases in the NMR
first appear in pregnancy and whether the NMR increases significantly
within the antepartum period. Additionally, although prior studies exam-
ining the NMR among pregnant smokers have measured metabolites in
saliva and plasma,”'° metabolite concentrations are considerably higher in
urine, making it easier to detect and measure both Free (nonconjugated)
and Total (sum of nonconjugated and conjugated) compounds.* Among
nonpregnant smokers, NMR described as Total 3HC/Free COT is consid-
ered the most biologically relevant measure of CYP2A6 activity, account-
ing for all 3HC metabolites converted from its precursor, Free COT (total
product/free substrate).!' Studies have also used the Free 3HC/Free COT
ratio'!* and the Total 3HC/Total COT ratio'>'® as they are less expen-
sive to assess. However, the Free 3HC/Free COT ratio does not incorp-
orate all 3HC metabolites in the numerator; potential pregnancy-induced

alterations in glucuronidation of 3HC could alter the numerator (ie, Free
3HC) and the resulting ratio in ways that are unrelated to CYP2A6 or
nicotine clearance. Likewise the Total 3HC/Total COT ratio includes COT
glucuronide in the denominator. Because pregnancy may directly influ-
ence urinary COT glucuronide levels,? the relationship between the Total
3HC/Total COT ratio and estimation of CYP2A6 activity may be altered.
Whether pregnancy differentially influences these ratios is unknown and
was also a focus of this study.

This study used a rigorous within-subject design with complete
NMR data at three assessment points: early and late pregnancy
and 6 months postpartum. The primary aims were to examine (1)
changes in the urinary NMR during pregnancy and postpartum, and
(2) the relative impact of pregnancy on the biologically relevant urin-
ary ratio in contrast to the other two NMR formulations.

Methods

This secondary analysis examined urine nicotine metabolite con-
centrations within a subset of pregnant smokers participating
in a randomized clinical trial examining the effects of financial
incentives on smoking abstinence during antepartum and post-
partum periods.!” The University of Vermont and University of
Torontolnstitutional Review Boards approved that study and all
participants provided written informed consent. Details pertinent
to the current investigation are described next.

Participants

Participants were recruited from obstetric practices and the Women,
Infants, and Children (WIC) office in Burlington, Vermont. Main
trial inclusion criteria were self-reported smoking in the past 7 days,
urine COT specimen greater than 80 ng/mL, and gestational age
at least 25 weeks. Exclusion criteria included self-reported use of
prescribed opioid, psychomotor stimulant, or antipsychotic medica-
tions. A subset of 47 women who reported smoking and provided a
urine specimen at each of the three time points of interest (see later)
were included in this secondary analysis. On average, participants
reported smoking 20 cigarettes/day before pregnancy and reduced
to approximately 10 cigarettes/day by the early pregnancy assess-
ment (Table 1).

Table 1. Demographic and Smoking Characteristics at Early
Pregnancy Assessment (N = 47)

Demographics:
Age (years) 244 +54
Education (years) 12.2«1.5
% Caucasian 91
% married 26
% private insurance 17
% work for pay 53
% primigravida 64
Smoking characteristics:
Age started smoking (years) 15.1+3.3

% attempted to quit before learning of pregnancy 77

Cigarettes per day pre-pregnancy 19.3 = 8.8
Cigarettes per day 10.3 7.2
Minnesota Nicotine Withdrawal Scale score 1.4=0.7
% living with other smoker(s) 76

% with none or few friends and/or family who smoke 24

% with no smoking allowed in home 57

Values represent mean = SD, unless otherwise specified.
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Study Protocol

Urine samples were collected at trial assessments conducted during
early pregnancy (mean = standard deviation = 12.5 = 4.5 weeks’ ges-
tation), late pregnancy (28.9 = 2.0 weeks’ gestation), and at 6 months
postpartum (24.7 = 1.2 weeks since childbirth). Urine samples were
collected in specimen cups with temperature strips and tested for
adulterants to help ensure their veracity. A portion of each sample
was aliquoted into a specimen tube and stored frozen at -20°C until
all samples were shipped to the University of Toronto in Ontario,
Canada, for analysis. Urinary concentrations of nicotine and metab-
olites were directly analyzed using liquid chromatography-tandem
mass spectrometry as described by Taghavi et al. (in press).'® In brief,
urine samples were diluted and prepared using solid-phase extraction
adapted from a previously established method." The limit of quan-
tification was 1 ng/mL for all compounds. The accuracy and preci-
sion of this analytical method were within £15% of the expected
amount in both spiked nonsmokers’ and smokers’ urine samples,
and the nicotine metabolic profile determined by this method closely
matched known estimates in the literature.?*-?

Data Analysis

Prior studies have shown that CYP2A6 activity can be measured
by various other metabolite ratios (eg, 3HC/COT and COT/NIC)
in plasma or urine depending on smoking status.>** In urine, three
different metabolite ratios are used: Free 3HC/Free COT, Total 3HC/
Total COT, and Total 3HC/Free COT. Considering that both CYP2A6
and UGT2B10 enzymatic activities change during pregnancy,* all
three ratios that are influenced by these enzymes were examined. As
such, the NMR was calculated as Total 3HC/Free COT, Free 3HC/
Free COT, and Total 3HC/Total COT, where total was the sum of
the free compound and the glucuronide. All NMR values were loga-
rithmically transformed. Statistical Analysis Software (SAS), version
9.4, PROC MIXED procedure, was used for all analyses. Repeated-
measures analysis of covariance (see later) was used to determine
whether urinary nicotine metabolite concentrations and each NMR
differed over time. Significant main effects were followed by pairwise
comparisons. Previous reports suggest that pregnancy may increase
urine pH, which can alter reabsorption of nicotine and its metabo-
lites.?” Urinary pH levels in the current sample differed significantly
245 = 4.93,p < .01; mean = standard error = 6.94 = 0.15
for early pregnancy, 7.11 = 0.14 for late pregnancy, and 6.51 = 0.14
for 6 months postpartum) and pairwise tests indicated that urinary
pH was significantly higher during early and late pregnancy com-

over time (F

pared to 6 months postpartum (p’s < .05) but did not differ between
early and late pregnancy. To control for these differences, urinary pH
was entered as a time-varying covariate in each of the NMR models.
Significance for all tests was set at p < .05.

Results

Free COT metabolite concentrations were significantly altered dur-
ing pregnancy and postpartum (Table 2). Adjusting for changes in
urine pH during early and late pregnancy and postpartum, the NMR
measured by the ratio Total 3HC/Free COT differed significantly
over time (F, ,, = 15.02, p <.001; Figure 1, left panel). Specifically,
the Total 3HC/Free COT ratio was significantly higher at both early
and late pregnancy assessments compared to 6 months postpartum
(22% and 33% higher, respectively; p’s < .01). Within the antepar-
tum period, the Total 3HC/Free COT ratio was significantly higher
at the late pregnancy compared to early pregnancy assessment
(15% higher; p < .05). NMR calculated as the Free 3HC/Free COT

ratio also differed significantly over time (F, ,, = 15.09, p < 0.001;
Figure 1, center panel) adjusting for urine pH. Like the Total 3HC/
Free COT ratio, the Free 3HC/Free COT ratio was significantly
higher at both early and late pregnancy assessments compared to
6 months postpartum (25% and 37% higher, respectively; p’s < .01)
and was higher at the late pregnancy compared to early pregnancy
assessment (15% higher; p < .05). In contrast, the Total 3HC/Total
COT ratio did not change significantly over time (p = .81; Figure 1,
right panel) adjusting for urine pH.

Conclusions

This is the first systematic within person evaluation of changes in
urinary NMR during antepartum and postpartum. Results indicate
that the Total 3HC/Free COT and Free 3HC/Free COT ratios, but
not Total 3HC/Total COT ratio, were significantly elevated during
early and late pregnancy compared to postpartum and were signifi-
cantly higher during late pregnancy relative to early pregnancy. The
observation that the Total 3HC/Free COT and Free 3HC/Free COT
ratios were elevated during pregnancy compared to postpartum
extends the findings of previous studies that reported faster nicotine
clearance and higher NMR during the second and third trimesters
compared to postpartum.>’ These results suggest that pregnancy
may significantly alter the NMR earlier in pregnancy than previously
reported (the 15% first trimester increase reported by Bowker et al.’
did not reach statistical significance) and the NMR may increase as
a function of gestational age.

The observation that the Total 3HC/Free COT and Free 3HC/
Free COT ratios were elevated during pregnancy suggests that preg-
nancy may induce CYP2A6. Consistent with this finding, the small
pharmacokinetic study by Dempsey et al.? reported that metabolic
clearance of nicotine via the CYP2A6-mediated COT pathway was
increased by 54% at approximately 25 weeks’ gestation compared
to postpartum. In addition, a subsequent more detailed evaluation
of metabolic markers of CYP2A6 activity within these subjects is
consistent with an induction of CYP2A6 during pregnancy.?® Future
studies evaluating concordance between the NMR and nicotine and
COT clearance among pregnant smokers will be important for vali-
dating the NMR as proxy of CYP2A6 and a biomarker of nicotine
metabolism and clearance among pregnant smokers.

Pregnancy did not appear to influence the Total 3HC/Total
COT ratio. The denominator of the Total 3HC/Total COT ratio
includes COT glucuronide and it is feasible that pregnancy may have
increased COT glucuronidation, thus impacting the effect of preg-
nancy on the Total 3HC/Total COT ratio. In the later, more in-depth
analyses of these samples, the UGT2B10 phenotype ratio (nicotine
glucuronide/nicotine) was higher at early and late pregnancy com-
pared with postpartum (p < .07 and < .05, respectively) and cor-
related with a second UGT2B10 phenotype ratio (COT glucuronide/
COT) (p’s <.001), suggesting UGT2B10 activity is induced during
pregnancy, altering COT glucuronidation and impacting the Total
3HC/Total COT ratio.*

These results should be considered in light of some limitations.
Among nonpregnant smokers, the NMR is associated with several
lifestyle and demographic factors such as ethnicity and oral contra-
ceptive use.”?” Our sample was primarily composed of Caucasian
women, who have relatively faster rates of nicotine clearance com-
pared to other ethnicities, which may have affected the degree of
change observed during pregnancy. We also did not assess oral
contraceptive use during postpartum. Benowitz et al.”’ reported that
women taking oral contraceptives metabolized nicotine faster than
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Table 2. Nicotine Metabolite Levels During Pregnancy and Postpartum

Analyte Early pregnancy Late pregnancy Postpartum Main effect of time
Free 3HC 5376 = 6856 4581 = 5661 6006 = 5427 p=.183
3HC glucuronide 1271 = 1767 1074 = 1490 1181 = 1120 p=.481
Total 3HC 6648 = 8455 5656 = 7092 7188 = 6214 p=.204
Free COT 834 = 788 638 = 581° 1376 = 848¢ p <.001
COT glucuronide 5836 + 10233 4765 = 4827 5346 = 4932 p=.791
Total COT 6671 10717 5403 = 5236 6723 = 5522 p=.248

Mean (+ SD) urinary nicotine metabolites (ng/mL). Statistical analysis conducted on log-transformed values. p values represent the main effect of time using

repeated-measures analysis of covariance with pH as a time-varying covariate. When the overall F-statistic for the main effect of time was significant pairwise

comparisons were examined. Means that do not share a common letter differed at p < .05.

3HC = trans-3’-hydroxycotinine; COT = cotinine.
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Figure 1. Mean (x SEM) log-transformed Total trans-3’-hydroxycotinine (3HC)/Free cotinine (COT) ratio (left), Free 3HC/Free COT ratio (middle), and Total 3HC/
Total COT ratio (right) during early (M + SD = 12.5 + 4.5 weeks’ gestation) and late pregnancy (28.9 + 2.0 weeks’ gestation) and postpartum (24.7 + 1.2 weeks
after childbirth). Significant differences between pregnancy and postpartum time points were derived from pairwise comparisons following repeated-measures

analysis of covariance. *p < .05; **p <.01; ***p < .001.

women not using oral contraceptives. Thus, increases in the NMR
during pregnancy compared to postpartum may be even larger
than observed in this study if some number of women were using
oral contraceptives at the 6-month postpartum assessment. Several
pharmacokinetic parameters may also influence the NMR, such as
renal clearance of nicotine and COT as well as urinary distribution,
flow rate, and pH.'® In the current study, pregnancy increased the
Total 3HC/Free COT and Free 3HC/Free ratios even after control-
ling for pregnancy-induced increases in urinary pH. Little is known
about how pregnancy may influence other pharmacokinetic param-
eters in relation to the NMR, thus some caution is warranted regard-
ing pregnancy-induced increases in the NMR directly reflecting
greater CYP2A6 activity. In the more detailed analyses, the signifi-
cant correlation of NMR and nicotine C-oxidation, also mediated
by CYP2A6, throughout pregnancy and at postpartum (p’s < .001)
strongly supports that CYP2A6 is induced during pregnancy, result-
ing in higher NMR.?*

Our study expands on Dempsey et al.? findings by examin-
ing additional time points comparing early and late stages of
pregnancy longitudinally in a substantially larger within-subject
sample set. We also extend the findings of Bowker et al.” of
overall higher salivary NMR during pregnancy by providing spe-
cific estimates for the timing and magnitude of change in urinary

NMR ratios using a within-subject design, which has substantial
advantages due to the large interindividual variation in NMR. To
the best of our knowledge, this is also the first study to evaluate
urinary NMR calculated using both total and free compounds.
Previous data in nonpregnant smokers suggest that a faster rate
of nicotine clearance, indicated by a higher NMR, is associated
with higher levels of smoking. Although pregnant women tend to
report decreases in cigarettes per day during pregnancy, subse-
quent evaluation of total nicotine equivalents in this population
indicates an increase in total nicotine equivalents per cigar-
ette per day during late pregnancy, which is consistent with
induced CYP2A6.2%%° Of note, a related study by some of the
present authors compared smoking topography between preg-
nant and nonpregnant women and found no differences in any
of the parameters examined.’' Collectively, these results suggest
increases in nicotine intake per cigarette may be due to other
changes in smoking behavior (eg, smoking a greater portion of
each cigarette) and/or to underreporting of cigarettes per day.
Higher NMR in nonpregnant smokers is also associated with
poorer response to nicotine patch and behavioral counseling; it
will be important to test if more rapid nicotine clearance induced
by pregnancy may make it more difficult for women to quit
smoking as pregnancy progresses.
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