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Flavin-containing monooxygenases (FMO) are a
family of microsomal enzymes that catalyse the oxygen-
ation of xenobiotics [1]. Six FMO genes exist in
humans, but only FMO3 enzyme is abundantly
expressed in human liver. FMO3 contributes to the
metabolism of several drugs including methimazole,
nicotine, cimetidine, ranitidine, tamoxifen, and clozap-
ine [1, 2]. Dysfunctional FMO3 enzymes with deficient
N-oxygenation of dietary trimethylamine cause trimeth-
ylaminuria (fish-odour syndrome).

FMO3 is the main enzyme responsible for nicotine
N’-oxide formation, which is a minor pathway of nico-
tine metabolism. The FMO content of human liver
microsomes is correlated with nicotine N’-oxide forma-
tion, and N’-oxygenase activity is abolished by FMO
inhibitors in vitro [3]. Also, cDNA-expressed FMO3 is
active in nicotine N’-oxide formation [4]. A preliminary
report on two siblings with fish-odour syndrome showed
impaired urinary excretion of nicotine N’-oxide com-
pared with normal subjects [5]. Methimazole, an anti-
thyroid agent and FMO3 inhibitor, has been reported to
reduce nicotine N’-oxide excretion [6]. Thus, formation
of nicotine N’-oxide can be used as a probe of human
FMO3 activity [1].

We recently published a study on pregnant smokers
investigating the effect of pregnancy on nicotine and
cotinine metabolism [7]. Ten subjects were given deu-
terium-labelled nicotine-d, and cotinine-d, infusion (30
or 45 pg/kg™" of each compound) during pregnancy and
postpartum. The systemic clearance was increased by
60% and 140% for nicotine and cotinine, respectively,
in pregnancy compared with postpartum. This increase
is most likely mediated by the induction of cytochrome
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P450 2A6, the main enzyme metabolizing nicotine and
cotinine [8].

Urine samples were collected and nicotine and
metabolite concentrations were analysed by gas chro-
matography — mass spectrometry [7]. We have now re-
analysed the data to examine the effects of pregnancy
on the urinary ratio of nicotine N’-oxide/nicotine, as an
index of FMO3 activity. Ten subjects completed the
study; a urine sample from one subject was lost. We
measured both nicotine N’-oxide-d, and nicotine-d, con-
centrations in urine samples collected over 8 h following
the infusion in nine subjects during pregnancy and post-
partum. In two subjects the calculation of the urine ratio
during pregnancy was not possible because the concen-
tration of nicotine (one subject) or concentration of
nicotine N’-oxide (one subject) was below the limit
of quantification. In the remaining subjects the ratio of
nicotine N’-oxide/nicotine was substantially increased
during pregnancy compared with postpartum (2.03 vs.
0.78; paired t-test, P =0.017; 95% CI of the difference
0.5-2.0) (Table 1).

A possible confounding factor is that renal clearance
of nicotine is pH-dependent, whereas nicotine N’-oxide
excretion is not. On average, pregnancy increases urine
pH by 0.3-0.4 units [9] and might increase the nicotine
N’-oxide/nicotine ratio by decreasing nicotine excretion.
Urine pH values were not recorded in our study. To
answer the question of whether a change in the renal
clearance of nicotine related to pH might explain our
observations, we calculated the ratio of nicotine N’-
oxide excreted in urine/area under the plasma nicotine
concentration—time curve over the 8 h of urine collec-
tion (AUC). As the plasma concentration of nicotine is
the driving force behind nicotine N’-oxide formation in
liver, this ratio can be used as an another indicator of
FMO3 activity. The ratio of urine nicotine N’-oxide/
plasma AUC;.. Was increased significantly in
pregnancy compared with postpartum (45.3 vs. 28.6;
paired t-test, P =0.047; 95% CI of the difference 3.1-
30.3) (Table 1).
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Table 1
Effect of pregnancy on the nicotine N’-oxide metabolic
ratios

Urine nicotine N'-oxide/

Urine nicotine N'-oxide/ Plasma AUCictine

Urine nicotine (ml min™")
Subject Pregnant Post-Partum Pregnant Post-Partum
1 2.57 1.34 447 35.5
2 1.37 0.20 22.6 372
3 —* 36.5 278
4 2.03 0.27 51.9 41.4
5 1.17 1.58 555 20.5
6 2.01 1.57 52.9 46.0
7 222 0.36 59.8 12.1
8 2.83 0.12 38.2 8.2
Mean 2.03 0.78 453 28.6
SD 0.60 0.68 12.3 13.8

Difference between pregnant and postpartum is statisti-
cally significant (P = 0.017, paired t-test for urine nicotine
N-oxide/urine nicotine ratio; P = 0.047, paired t-test for
urine nicotine N'-oxide/plasma AUC,coine ratio). *The ratio
not calculated due to the concentration of urine nicotine
below the limit of quantification.

Our observation provides evidence that FMO3 activ-
ity may be induced during pregnancy. We are aware of
only one previous article describing the effect of preg-
nancy on human FMO3-related activity. In this work,
the apparent clearance of methimazole was found to
be higher (164 ml min™" vs. 110 ml min™") in pregnant
hyperthyroid patients compared with nonpregnant
patients after administration of 10 mg oral carbimazole,
which is efficiently hydrolysed to methimazole [10].
Also of note is that hepatic FMO enzymes in rabbits and
sheep are induced during pregnancy [11, 12]. Although
gender does not affect FMO3-related activities and
hepatic enzyme expression in humans [13-15], men-
struation increases the symptoms of the fish-odour
syndrome and reduces the excretion of trimethylamine
N-oxide in some women with this syndrome [16, 17].
This would further suggest that sex hormones play a role
in the regulation of FMO3.

In conclusion, human FMO3 activity seems most
likely to be induced in pregnancy, most likely by sex
hormones. This observation should be taken into
account when designing studies on FMO3-metabolized
drugs in pregnant women. Further studies of the
pharmacokinetics of drugs metabolized by FMO3 are
warranted.
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