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ABSTRACT

The alkaloid arecoline is a main constituent of areca nuts that are chewed by approximately
600 million persons worldwide. A principal metabolite of arecoline is arecoline 1-oxide whose
metabolism has been poorly studied. To redress this, synthetic (+)-arecoline 1-oxide was
administered to mice (20 mg/kg p.o.) and a metabolomic study performed on 0-12 h urine
using ultra-performance liquid chromatography-coupled time-of-flight mass spectrometry
(UPLC-TOFMS) with multivariate data analysis. A total of 16 mass/retention time pairs yielded
13 metabolites of (+)-arecoline 1-oxide, most of them novel. Identity of metabolites was
confirmed by tandem mass spectrometry. The principal pathways of metabolism of (+)-
arecoline 1-oxide were mercapturic acid formation, with catabolism to mercaptan and
methylmercaptan metabolites, apparent C=C double-bond reduction, carboxylic acid reduc-
tion to the aldehyde (a novel pathway in mammals), N-oxide reduction, and de-esterification.
Relative percentages of metabolites were determined directly from the metabolomic data.
Approximately, 50% of the urinary metabolites corresponded to unchanged (+)-arecoline 1-
oxide, 25% to other N-oxide metabolites, while approximately, 30% corresponded to mercap-
turic acids or their metabolites. Many metabolites, principally mercapturic acids and their
derivatives, were excreted as diastereomers that could be resolved by UPLC-TOFMS. Arecoline
was converted to arecoline 1-oxide in vitro by human flavin-containing monooxygenases
FMO1 (Kp: 13.6 +4.9 uM; Vyax: 0.114 +0.01 nmol min ' pg™! protein) and FMO3 (Ku:
44.5 + 8.0 pM; Vyax: 0.014 + 0.001 nmol min ' pg* protein), but not by FMO5 or any of 11
human cytochromes P450. This report underscores the power of metabolomics in drug
metabolite mining.

© 2006 Published by Elsevier Inc.

1. Introduction

guvacoline [3]. There are several different ways in which areca
nutis consumed in India, Taiwan and South East Asia, but areca

Ithas been estimated that areca nut chewing is the fourth most nut chewing is the most common and manifests several
popular habit worldwide, after the use of tobacco, alcohol and pharmacological effects, including euphoria, central nervous
caffeine, with 600 million users [1,2]. The major alkaloids system stimulation, vertigo, salivation, miosis, tremor and
present in areca nut are arecoline, arecaidine, guvacine and bradycardia [3]. There have been epidemiological studies
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carried out in India, Pakistan, Taiwan and China that reported
associations between areca nut chewing with oral precancer-
ous lesions, specifically submucous fibrosis and leukoplakia
[3,4]. The habitual chewing of areca nut is proposed to be
deleterious to human health, especially in relation to the risk of
the development of oral cancer [3,5]. The role of the areca
alkaloids, such as arecoline, in the adverse health effects of
areca nut chewing is not known.

We have recently reported on a study in which arecoline and
arecaidine were administered to mice and their urinary
metabolite profiles revealed using ultra-performance liquid
chromatography-coupled time-of-flight mass spectrometry
(UPLC-TOFMS) and metabolomic analyses [6]. Eleven urinary
metabolites of arecoline were identified, the major two of which
were arecoline 1-oxide, which had been previously reported
[7,8], and the novel metabolite N-methylnipecotic acid [6], the
result of C=C double-bond reduction. In the only previous
report, administration of arecoline 1-oxide to rats was said to
produce a broadly similar metabolic picture as arecoline itself,
and the author stated that this was evidence for the reduction of
arecoline 1-oxide back to arecoline and then its subsequent
metabolism [8]. This process of N-oxide reduction and re-
synthesis has been termed “metabolic retroversion” from the
study of trimethylamine N-oxide in volunteers with a trimethy-
lamine N-oxidation pharmacogenetic deficiency [9].

The enzymology of arecoline conversion to its principal
metabolite arecoline 1-oxide has not been reported. It is not
known whether arecoline 1-oxide is formed by a flavin-
containing monooxygenase (FMO) or by one or more cyto-
chromes P450 (P450). In addition, the metabolites of arecoline
1-oxide have not been studied in detail. These issues are
important because one or more metabolites of arecoline may
be responsible for the human toxicity profile associated with
areca nut chewing habits.

The flavin-containing monooxygenases (EC 1.14.13.8) cata-
lyze the NADPH-dependent oxidation of a variety of xenobiotics
which contain nucleophilic heteroatoms, typically nitrogen,
sulfur or phosphorus [10]. The FMOs are efficient two-electron
oxygenating enzymes for N-oxidation, unlike P450s, which
generally use sequential one-electron transfer chemistry [11].
The microsomal FMO enzyme family is comprised of five
isozymes, FMO1-FMO5 whose expression is tissue-specific
[12,13]. FMO1 is predominantly expressed in human kidney,
and FMO2 in lung and kidney [13]. FMO3 is the prominent
isozyme in adult human liver, FMO4 is more broadly distributed
inliver, kidney, smallintestine and lung, and FMO5 is expressed
in human liver, lung, small intestine and kidney [13].

We report here a study in which we have harnessed the
resolving power of UPLC, the accurate mass determination of
TOFMS and metabolomic data analysis to investigate the
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Fig. 1 - Absolute configurations of arecoline 1-(R)-oxide and
1-(S)-oxide.

urinary metabolic products of (+)-arecoline 1-oxide (Fig. 1)
when administered to mice. In addition, we report an
investigation of the potential human enzymes that may carry
out the N-oxidation of arecoline.

2. Materials and methods
2.1. Materials

(+)-Arecoline 1-oxide was synthesized from arecoline hydro-
bromide and peroxyacetic acid as previously described [6,8].
The racemic nature of the product was additionally confirmed
by polarimetry ([a]2 = +0.02). Arecoline hydrobromide, methi-
mazole, caffeine, and NADPH were purchased from Sigma-
Aldrich (St. Louis, MO). All solvents and inorganic reagents were
of the highest grade commercially available. Recombinant
human P450 and FMO isozymes and P450 insect control
microsomes were obtained from BD Biosciences (Woburn, MA).

2.2. Animals and treatments

Mice used were 6 to 7-week-old FVB males. Mice were
maintained under standard 12 h light/12h dark cycle with
water and chow provided ad libitum. Handling was in
accordance with an animal study protocol approved by the
National Cancer Institute Animal Care and Use Committee.
(£)-Arecoline 1-oxide (20 mg/kg) was administered by gavage
to six mice and urine (0-12 h) collected from mice housed
individually in glass metabolic chambers (Jencons, Leighton
Buzzard, UK). This dose was chosen because it is 20% of the
LD50 value for arecoline [14]. Pre-dose control 0-2 h urines
were similarly collected from each mouse, atleast 12 h prior to
arecoline administration.

2.3. Incubations with recombinant human P450s

Incubations with a panel of cytochromes P450 were carried out
in 100 mM tris-HCl, pH 7.4, containing 2 pmol of each of the
cDNA expressed P450 enzymes (insect control, CYP1Al,
CYP1A2,CYP1B1, CYP2A6, CYP2B6, CYP2C9, CYP2C19, CYP2D6,
CYP2E1, CYP3A4, and CYP4A11), together with 50 pM of
arecoline in a final volume of 200 pl. After 3min pre-
incubation at 37 °C, the reaction was initiated by the addition
of 50 pl of 10 mM NADPH and continued for 20 min in shaking
water bath at 37 °C. The reactions were terminated by cooling
onice and the addition of 10 pl of 20% perchloric acid. Caffeine
(5 pl) with a final concentration of 50 pM was used as internal
standard. The reaction mixture was centrifuged at 14,000 x g
for 15 min. The supernatants were diluted with 2 vol. of water
and placed in autoinjector vials for analysis by UPLC-TOFMS.

2.4.  Incubations with recombinant human FMO isozymes

Each incubation reaction was carried out in 50 mM potassium
phosphate buffer, pH 7.9, with FMO1, FMO3 and FMO5 (200 p.g/
ml protein) to a final volume of 200 pl. After 3min pre-
incubation at 37 °C, the reaction was initiated by the addition
of 10 mM NADPH. Incubations were carried out for 20 min and
then the reactions were terminated by cooling on ice and the
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addition of 10 ul of 20% perchloric acid. These reaction
conditions were established to be linear with respect to
enzyme content and incubation time. The mixture was
vortexed for 20s and then centrifuged at 14,000 x g for
15 min. The supernatants were diluted with 2 vol. water and
placed in autoinjector vials for analysis by UPLC-TOFMS. The
kinetics of arecoline N-oxidation by human FMO1 and FMO3
were determined by incubating arecoline in duplicate at six
concentrations (5, 10, 25, 50, 100 and 200 pM). Incubations
were carried out at different protein concentrations (5, 10, 20,
50, 100 and 200 pgml~' FMO) and with 50 uM arecoline.
Enzyme activity was expressed as pmolmin'ug™' FMO.
Incubations were carried out with FMO1 and FMO3 with
arecoline (50 pM) and the FMO substrate/inhibitor methima-
zole (10, 100, 200 and 1000 wM) [15]. In all reactions, caffeine
(50 M) was used as internal standard.

2.5.  UPLC-TOFMS analysis

Batches of pre-dose and post-dose urines were analyzed
together by UPLC-TOFMS [16]. Urine samples were mixed with
the equal volume of water and centrifuged at 14,000 rpm to
remove particles and protein. A 200 pl aliquot of the super-
natant was transferred to an auto-sampler vial for UPLC-TOFMS
analysis. Urine samples (5 pl/injection) were separated on a
50 mm x 2.1 mm ACQUITY™ 1.7 pm C;g column (Waters Corp,
Milford, MA) using an ACQUITY™ UPLC system (Waters) with a
gradient mobile phase comprised of 0.1% formic acid (A) and
acetonitrile containing 0.1% formic acid (B). A 0.6 ml min™" flow
rate was maintained in a 10 min run. The gradient comprised
100% A for 0.5 min, increasing to 100% B over the next 8.5 min.
The eluent was directly introduced into the mass spectrometer
by electrospray. Mass spectrometry was performed on a Waters
Q-TOF Premier™ operating in positive ion mode. The desolva-
tion gas flow was set to 600 1 h™* at a temperature of 350 °C with
the cone gas set to 501h~! and the source temperature set to
120 °C. The capillary voltage and the cone voltage were set to
3000and 30 V, respectively. Leucine-enkephalin was used as the
lock mass (m/z 556.2771) for accurate mass calibration and
introduced using the LockSpray ™ interface at 30 pl min~*anda
concentration of 0.2ngpl™ in 50% aqueous acetonitrile
containing0.1% formicacid. In MS scanning, data were acquired
in centroid mode from 100 to 950 m/z. As for MS/MS fragmenta-
tion of target ions, collision energy ranging from 15 to 30 V was
applied. Following data acquisition, UPLC-MS chromatograms
and spectra were further analyzed by MassLynx application
software (Waters).

2.6.  Data processing and multivariate data analysis
(MDA)

Following UPLC-TOFMS data acquisition, centroided and
integrated mass chromatographic data were deconvoluted
by MarkerLynx™ software (Waters) to generate a multivariate
data matrix. The intensity of each ion was calculated as the
percentage of total ion counts (TIC) in the whole chromato-
gram. The data matrix and sample list were further exported
into SIMCA-P + ™ software (Umetrics, Kinnelon, NJ) for MDA.
PCA and PLS-DA were conducted after data were transformed
by mean-centering and Pareto optimization, a scaling tech-

nique that increases the importance of low concentration
metabolites without significant amplification of noise. Differ-
ent to unsupervised PCA, samples/observations were classi-
fied as the group of control and arecoline-treated in PLS-DA.
After PCA and PLS-DA processing, principal components were
generated to highlight the major latent variables in the data
matrix and were described in a scattering plot. Identification of
potential arecoline metabolites were further performed by
analyzing the loadings plot and contribution table.

2.7.  Identification of metabolites

PCA analysis reveals the ions that contribute most signifi-
cantly to the group differences, for example, arecoline 1-oxide
treated urines versus pre-treatment urines. In general, the 20
most significant ions were examined in more detail. These
were expected to be metabolites of arecoline 1-oxide, or
alternatively, endogenous compounds whose levels were
elevated by the administration of arecoline 1-oxide. Elemental
compositions of each of the ions were generated by Marker-
Lynx and those with best fits, and also C, H, N, O, and S
compositions that could be related to arecoline 1-oxide, were
noted. In all cases, the identity of the metabolite was apparent
from its elemental composition. In the instances where N-
oxides were proposed as metabolites, experiments were
carried out with TiCl; reduction, which is specific for N-oxides
[6,17], to confirm that the ion in question disappeared after
this treatment. However, no authentic standards existed for
most of the proposed metabolites identified. Therefore, MS/
MS experiments were performed to confirm or refute proposed
chemical structures.
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Fig. 2 - PCA scores plot showing group separation for
urines from control and arecoline 1-oxide treated animals
(A) and the corresponding PCA loadings plot (B). Arrows
represent ions identified as arecoline 1-oxide metabolites.
Three ions deriving from the parent compound are also
marked with “a”.
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Table 1 - Identification of metabolites of arecoline 1-oxide (20 mg/kg p.o.) in mouse urine by UPLC-TOFMS and

metabolomic analysis of ion-retention time pairs

Metabolite Mass Retention Deduced Error Identity Score*  Peak’ area
number (MH*) time (min)  formula (M) (ppm) (mean + S.D.)
I 172.096 1.12-1.13 CgHq13NO3 4.6-6.1 Arecoline 1-oxide 41.9 1630 + 858
343.184 (dimer) (+1 isotope) 11.9 125+ 31.4
173.102 9.9
Ila 335.126 1.97 C13H2,N,06S 1.2 Arecoline 1-oxide mercapturic 6.7 66.2 +25.4
IIb 335.126 1.78 C;H1;NO 7.1 acid diasteriomers [1-(R,S) 4-(R,S)] 5.7
111 126.091 0.58 1-Methyl-3,4,-dehydropiperidine- 6.4 96.6 + 50.9
3-carboxaldehyde
IVa 174.112 3.40 CgH1sNO3 2.9 1-Methylnipecotic acid 1-oxide 5.8
methyl ester diasteriomers
[1-(R,S) 3-(R,9)]
IVb 174.112 1.73 4.6 44.6 +26.1
Va 190.092 0.82 CgH1sNO,S 7.4 4-Mercapto-1-methylnipecotic 5.8 51.7 £27.9
acid methyl ester diasteriomers
[3-(R,S) 4-(R,9)]
Vb 190.096 1.95 3.1
Ve 190.107 2.15 2.9
VI 142.081 0.30 C,H,,NO, 8.4 Arecaidine 45 59+1.1
VII 220.101 2.38 CoH17;NO3S 2.7 4-Methylmercapto-1- 4.0 14.0 £5.9
methylnipecotic
acid 1-oxide methyl
ester diasteriomers
[1-(R,S) 3-(R,S) 4-(R,S)]
VIII 156.102 0.64 CgHq3NO, 5.8 Arecoline 3.8 13.0+45
IXa 319.133 141 C13H25N,05S 5.3 Arecoline 3.7 12.5+6.8
IXb 319.133 1.26 Mercapturic acid diasteriomers 2.8

[3-R,S) 4-R,5)]

& Measure of the contribution of an ion to the group difference between treated and control urines, generated by SIMCA-P+.
b Area of the chromatographic peak of extracted exact mass (50 ppm tolerance).

2.8.  Quantitation of metabolites

The MDA using SIMCA-P+ produced a contributions table
that ranked the ions in terms of their contribution to the
group difference, i.e., between test and blank urines. From
previous experience [6], we are aware that these contribu-
tion scores are correlated with the relative quantitative
importance of each metabolite. However, in the absence of
authentic standards, several assumptions must be made to
assure the quantitative nature of this analysis, as follows: (i)
that there was little or no fragmentation of the protonated
molecular ions under the instrumental conditions
employed, (ii) that all compounds of interest ionized to a
similar extent and (iii) that ion suppression affected all
analytes similarly. Accordingly, therefore, it is appreciated
that these estimates of relative excretion of metabolites are
approximate.

3. Results

3.1.  Metabolomic analysis of mouse urine after
(£)-arecoline 1-oxide administration

Urines collected 0-12 h after the administration of 20 mg/kg
(+)-arecoline 1-oxide were analyzed by UPLC-TOFMS together
with blank urines from the same male FVB mice. MVA using
unsupervised PCAyielded a clear separationin the scores plot
between the six urines from (+)-arecoline 1-oxide-treated

mice and the six control urines (Fig. 2A). The corresponding
loadings plot revealed the characteristic dense cloud that
represented the fractionation by UPLC-TOFMS of the mouse
urinary metabolome into some 5000 mass/retention time
pairs (Fig. 2B). Clear outliers can be seen in the direction
corresponding to the administration of arecoline 1-oxide, i.e.,
a positive increase in both component 1 (p[1]) and component
2 (p[2]) in the PCA loadings plot (Fig. 2B). Supervised PLS-DA
analysis, for which, unlike PCA, the identity of each urine as
either test or control is utilized in the analysis, did not
improve the separation of groups in the scores plot. There-
fore, all determinations of urinary biomarkers associated
with arecoline 1-oxide administration were made purely
from the PCA data. Table 1 shows 16 mass/retention time
pairs that were associated with the administration of areco-
line 1-oxide and thathad ascore value, thatis a function of the
contribution to the group difference in the scores plot
(Fig. 2A), of >2.8. This cut-off point of close to 3 was chosen
for reasons that will be discussed below. There were other
mass/retention time pairs with scores >3 that are not shown
in Fig. 3because analysis of their empirical formulae revealed
that they were unlikely to be metabolites of arecoline 1-oxide.
These urinary constituents were perhaps elevated due to the
administration of arecoline 1-oxide by as yet undisclosed
mechanisms. Similarly, mass/retention time pairs that had
decreased values of p[1] and p[2] in the loadings plot (Fig. 2B)
were presumably suppressed in their formation and/or
urinary excretion due to the administration of arecoline
1-oxide, also by unknown mechanisms.
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Fig. 3 - Single ion chromatogram (m/z 335.13) and MS/MS fragmentation of metabolites Ila and IIb.

3.2.  Identity of the urinary metabolites of (*)-arecoline
1-oxide apparent from the metabolomic analysis

3.2.1. Arecoline 1-oxide (I)

The parent compound (CgH,3NOs) was identified from three
ions of m/z 172.096, 343.184, and 173.102 with coincident
retention times (1.12-1.13 min). Matches of these masses to
the empirical formula of arecoline 1-oxide (I) were made with
errors of 4.6-6.1 ppm. We have previously reported these ions,
that correspond to MH*, M,H" (the protonated dimer), and the
(M + 1)H* isotope ions, in a study of the metabolomics of
arecoline in the mouse [6]. Moreover, the retention time of
arecoline in the previous study was 1.16-1.17 min. Treatment
of the urines with TiCl; caused these three ions to disappear.
No further characterization of the parent compound was
deemed necessary.

3.2.2.

and IIb)
Two ions of identical m/z (335.126), eluting at 1.83 and 2.03 min
were determined to have the empirical formula of
C13H2oN,06S with an error of 1.2 ppm. We had previously
reported this as a single ion with a retention time of 1.99 min
after the administration of arecoline [6]. This empirical
formula was assigned to arecoline 1-oxide mercapturic acid,
butin the present study two such compounds were excreted in
urine. Inspection of the structure of this compound reveals
asymmetry at positions C3 and C4, meaning that arecoline
1-oxide mercapturic acid exists as two pairs of diastereomers,

Arecoline 1-oxide mercapturic acid diastereomers (Ila

3-(R), 4-(S) and 3-(S), 4-(R) [both cis-] together with 3-(R), 4-(R)
and 3-(S), 4-(S) [both trans-]. It is expected therefore that two
diastereomer peaks may be resolved by UPLC. These fully
resolved peaks are labeled IIa and IIb in Fig. 3. Tandem mass
spectrometry (MS/MS) revealed two virtually identical frag-
mentation patterns for Ila and IIb, both with a loss of 129 Da
from the protonated molecular ion (MH") due to a C-S bond
scission that is characteristic of mercapturic acids [18].
Moreover, these two peaks disappeared after treatment of
the urines with TiCla.

3.2.3. 1-Methyl-3,4-dehydropiperidine-3-carboxaldehyde (III)
A single ion of m/z 126.091 and retention time 0.58 min was
observed in the contributions table from SIMCA-P+ that
corresponded to an empirical formula of C;H;;NO with an
error of 7.1 ppm. This appeared to be the second biggest
contributor (Table 1) to the group differences in the PCA
(Fig. 2A). MS/MS demonstrated a large stable protonated
molecular ion with a single fragment ion of m/z 98 (Fig. 4)
corresponding to a neutral loss of CO (28 Da). This confirms the
structure of the aldehyde of arecoline for which the MH* ion is
stable due to the conjugation between the carbonyl group and
the 3,4-alkene, and the fragmentation follows an expected
pattern for an aldehyde.

3.2.4. 1-Methylnipecotic acid 1-oxide methyl ester
diastereomers (IVa and IVD)

Two ions of identical m/z (174.112) were found at retention
times 1.73 and 3.40min in the contributions table and



566

BIOCHEMICAL PHARMACOLOGY 73 (2007) 561-573

1004 098
Teg
100- 126.1092 \
@}\,CHO
N
I
CH,
2
[}
c
2 =2 -
£ e ° metabolite 11l
Q
2
E—4
4
g
98.0845
126.9759
agm,, [ P e wemw s sew
50 100 150 200 250 300 350 400 450 500 550 600
O_
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00
time (min)

Fig. 4 - Single ion chromatogram (m/z 126.09) and MS/MS fragmentation of metabolite III.

corresponded to an empirical formula of CgH;sNOs; with an
error of 2.9 ppm (Table 1). Fig. 5A shows the difference in
polarity of the two peaks as judged by their disparate elution
from the UPLC column. The two peaks also yielded quite
different MS/MS fragmentations, with IVa having a relatively
unstable protonated molecular ion and IVb demonstrating
much less fragmentation of MH* (Fig. 5B). These two isomeric
peaks were assigned the structure of 1-methylnipecotic acid 1-
oxide methyl ester, a metabolite arising from the reduction of
the 3,4-double bond in the parent compound. Such a metabolic
reaction was also reported for the biotransformation of
arecoline to 1-methylnipecotic acid in the mouse [6]. Perusal
of the structure of 1-methylnipecotic acid 1-oxide methyl ester
reveals chiral centers at positions N1 and C3 (Fig. 5C) and thus,
the possibility of diastereomers (cf. metabolites Ila and IIb,
above). The two trans-diastereomers are 1-(R), 3-(R) and 1-(S), 3-
(S) and the cis-diastereomers are 1-(R), 3-(S) and 1-(S), 3-(R) [cis/
trans relative to the oxide]. In the case of both cis-diaster-
eomers, intramolecular hydrogen bonding is possible and
likely between the protonated 1-oxide and the 3-carbonyl
group, forming a secondary ring that stabilizes the protonated
molecular ion. The MS/MS of the cis compounds is character-
ized by a simple loss of 17 Da from the oxide, which is typical
of tertiary N-oxides [19]. By contrast, in the case of both trans-
diastereomers, intramolecular interaction between the pro-
tonated 1-oxide and the ester side-chain is not feasible and itis
proposed that the resultant MH* fragments as shown in

Fig. 5C. These peaks disappeared on treatment of the urines
with TiCls.

3.2.5.  4-Mercapto-1-methylnipecotic acid methyl ester
diastereomers (Va, Vb, and Vc)

Three ions of similar m/z (190.092, 190.096, and 190.107) were
found in the contributions table at retention times 0.82, 1.95,
and 2.15, respectively (Table 1). Fig. 6 shows the presence of a
fourth peak of identical mass at 2.47 min, but this was not
associated with arecoline 1-oxide administration in the
metabolomic analysis, and was thus ignored. These masses
corresponded to an empirical formula of CgH;sNO, with an
error of 7.4 ppm. The MS/MS revealed three different frag-
mentation patterns for Va, Vb, and Vc (Fig. 6). As for
metabolites Ila and IIb (Fig. 3), chirality at C3 and C4 dictated
the existence of diastereomers. The cis-diastereomers are 3-
(S), 4-(R) and 3-(R), 4-(S) and the trans-diastereomers are 3-(R),
4-(R) and 3-(S), 4-(S). Only in the case of the cis compounds is
intramolecular interaction probable, and thus it is proposed
that the protonated carboxyl group of the MH" interacts with
the thiol proton to eliminate H,O (18 Da) for the cis isomers
only (Fig. 6, mechanism not shown). Neutral loss of H,0 from
protonated carboxyl groups has been studied in detail with the
dipeptide GlyGly [20]. In the case of the trans isomers, where
such intramolecular neutral loss of H,0 is less likely, it is
proposed that a typical neutral loss of CH;SH occurs (48 Da)
from C4, as has been reported for S-methylcysteine [21]. When
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the molecular ion is protonated at N1, it should be pointed out
that this introduces a third center of asymmetry with yet
further possibilities of diastereoisomerism. It is therefore
proposed that metabolite Va is a trans isomer that eliminates
CH3SH, and that metabolites Vb and Vc represent cis isomers
that eliminate H,0 from MH" (Fig. 6). The presence of more
than two peaks may be due to protonation of N1 in the formic
acid buffer of the UPLC solvent, creating three chiral centers
pre-column.

3.2.6. Arecaidine (VI)

A single ion of m/z 142.081 with a retention time of 0.30 min
corresponded to a metabolite of empirical formula of
C;H13NO, with an error of 8.4ppm (Table 1). This corre-
sponded to arecaidine (VI), the de-esterified metabolite of
arecoline (VII) that we have previously reported to have a
retention time of 0.28-0.30 min in our UPLC system [6]. No
further characterization of this simple metabolite was
necessary.

SH © SH \o®
|
OCH, OCH,
i
7N N
H
CH, (|:H3
2.15
1007 1001 180.0916
247 = metabolite Va
B o750 1421028
ol m(u‘w.a “ 1916819
Va
0.82 190.0986
1004 172.0802 i
%‘ % metabolite Vb
g ol lh ‘ 190.7088
£ =4
-02} 100? 76.0585 1721017
E o woros  metabolite Ve
e 0.69 Vb &7, 055_3 | FT.UIGBG 190.8718 il
1.95 50 100 150 200 250
049 (53
1.79
2.3
1.02
0 : : 7 . , : : : ; :
050 075 1.00 125 150 175 200 225 250 275 3.00
time (min)

Fig. 6 - Single ion chromatogram (m/z 190.09) and MS/MS fragmentation of metabolites Va, Vb and Vc. Also shown are two

possible protonated molecular ions.
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3.2.7. 4-Methylmercapto-1-methylnipecotic acid 1-oxide
methyl ester (VII)

A single ion of m/z 220.101 and retention time 2.38 min
appeared in the contributions table. This was assigned to a
metabolite with an empirical formula of CsH,7,NOsS with an
error of 2.7 ppm and corresponded to the product of cysteine
S-conjugate B-lyase activity [22] on the mercapturic acids (Ila
and IIb) of the parent compound. It is also the likely precursor
of the thiol metabolites (Va, Vb, and Vc). It is not known why
diastereomers arising from chirality at C3 and C4 did not
appear as chromatographically resolved biomarkers in the
metabolomic analysis. This peak disappeared on the treat-
ment of the urines with TiCls. No further characterization of
this metabolite was performed.

3.2.8. Arecoline (VIII)

A single ion with m/z of 156.102 and retention time of 0.64 min
corresponded to a metabolite with an empirical formula of
CgH13NO, with an error of 5.8 ppm (Table 1). We have
previously reported that arecoline eluted in this UPLC system
at 0.63min [6]. This metabolite results from the N-oxide
reduction of the parent compound (I). No further character-
ization of this metabolite was deemed necessary.

3.2.9. Arecoline mercapturic acid diastereomers (IXa and IXb)
Two ions of identical m/z (319.133) eluted at 1.26 and 1.41 min.
They gave an empirical formula of C;3H,,N,0sS with an error
of 5.3 ppm. We have previously reported this as a metabolite of
arecoline in the mouse with a retention time of 1.22-1.23 [6]
and this formula corresponds to two diastereomeric arecoline
mercapturic acids (IXa and IXb in Fig. 7). As with other
metabolites described above, chirality at C3 and C4 leads to
diastereomers. Fig. 7 shows that the two diastereomeric
mercapturic acids are almost completely resolved by UPLC.
Both metabolites display the typical neutral loss of 129 Da [18].
Interestingly, metabolite IXa displays a further neutral loss of
H,S (34 Da), while metabolite IXb loses 44 Da, which may
represent the elimination of CO, from the ester side-chain.

Thus, unchanged arecoline 1-oxide has been identified in
mouse urine, together with 13 metabolites, including chro-
matographically-resolved diastereomers. This corresponds to
the occurrence of five primary and four secondary metabolic
pathways in the mouse after the administration of (+)-
arecoline 1-oxide. In order to visualize better these biotrans-
formations, a metabolic map for (+)-arecoline 1-oxide in the
mouse is shown in Fig. 8. The relative importance of each
pathway will be dealt with below.
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3.3.  Quantitation of the urinary metabolites of
(%)-arecoline 1-oxide apparent from the metabolomic analysis

3.3.1. Estimation of relative concentrations of metabolites by
metabolomic analysis

Table 1 displays a score value that derives from the
metabolomic analysis and is a function of the contribution
of each individual metabolite (ion/retention time pair) to the
group separation between test and control urines displayed in
the PCA scores plot (Fig. 2A). The values of this score range
from 41.9 for the parent compound, with the other metabolites
having values in the range 2.8-6.7 (Table 1). It is proposed here
that these metabolomic scores are a function of the relative
concentration of individual metabolites, as will be established
below. This analysis would suggest that (+)-arecoline 1-oxide
(20 mg/kg p.o.) administration to the mouse results in
approximately 50% of the 0-24 h urinary metabolites compris-
ing unchanged parent compound. This proposition will be
further tested below.

3.3.2. Estimation of relative concentrations of metabolites by
chromatographic analysis

Table 1 also displays the areas of randomly selected peaks
derived from UPLC chromatograms of extracted exact masses
at 50 ppm tolerance, such as those shown in Figs. 3-7. These
data also suggest that (+)-arecoline 1-oxide is excreted at
least 50% unchanged in urine after administration to mice. As
mentioned earlier, three assumptions have been made: (i)
that all compounds under investigation ionize to a similar
extent in the ES+ mode, (ii) that there is little or no in-source
fragmentation that would limit the yield of MH" ions, and (iii)
that ion suppression effects are equivalent over the first
3.5min of the chromatogram, the period in which all the
metabolites in Table 1 eluted. Our experience with both MS

and MS/MS modes, together with voltage adjustments, assure
us that these assumptions are reasonable. In addition, all
metabolites listed in Table 1 are polar and contain readily
protonatable functional groups, such as=N—0Oand >C=0. To
test these various assumptions further, a correlation was
performed between the metabolomic scores and the chro-
matographic peak areas. The results are shown in Fig. 9. The
regression in Fig. 9A is highly significant (r = 0.99, P < 0.001).
However, the correlation is skewed and invalidated by one
single high point that corresponds to the parent compound
(m/z 172.096). Therefore, this value was eliminated and the
datarecorrelated and shown in Fig. 9B. As can be seen, thereis
still a linear positive and highly statistically significant
(r=0.90, P=0.009) correlation between the metabolomic
score and the chromatographic peak area. These data also
show that metabolomic scores <3 may not provide mean-
ingful insights into the relative proportions of metabolites in
urine. Therefore, the value of 3 has been set as a threshold
(Fig. 9).

For the purposes of comparison of relative amounts of
each metabolite in urine, the metabolomic score was used.
This had the added benefit of being a single number which
represented the effect of the individual ion/retention time
pair on the group separation between blank and test urines.
The relative percent of each urinary metabolite is displayed
in Fig. 10. Approximately, half of the excreted material
comprises unchanged arecoline 1-oxide. Three other N-
oxides comprised a further 28.6% of the urinary metabolites.
Thus, about 80% of the metabolites in urine retained the
intact N-oxide group. The principal metabolites were the
mercapturic acids (IIa and IIb) of the parent compound, the
nipecotic acid 1-oxide methyl esters (IVa and IVb) arising
from C=C bond reduction, and the thiol metabolites (Va-Vc)
derived from the further metabolism of the mercapturic
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acids. In addition, 34.7% of the metabolites (IIa, IIb, IVa, IVD,
VII, IXa, and IXb) could be directly attributed to mercapturic
acid formation.

3.4.  N-Oxidation of arecoline by recombinant human
P450 isozymes

None of the 11 recombinant human P450s tested (CYP1A1,
CYP1A2, CYP1B1, CYP2A6, CYP2B6, CYP2C9, CYP2C19,
CYP2D6, CYP2E1, CYP3A4, and CYP4A11) N-oxidized arecoline
(50 uM).

3.5.  N-Oxidation of arecoline by recombinant human
FMO isozymes

Under the conditions of the experiments at pH 7.9 and a
concentration of 50 pM arecoline, only FMO1 and FMO3
produced arecoline 1-oxide in vitro. When pH 7.4 tris-HCI
buffer was substituted for pH 7.9 potassium phosphate buffer,
N-oxidation was reduced to 84% for FMO1 and to 37% for FMO3.
When pH 9.0 glycine buffer was used, N-oxidation was
reduced to 38% for FMO1 and to 21% for FMO3, compared
with pH 7.9. In all cases where product was formed in vitro, the
identity of arecoline 1-oxide was confirmed not only from the
selected ion chromatogram (m/z 172.098, 50 ppm tolerance),
but also by MS/MS experiments that produced fragmentation

relative % metabolite
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Fig. 10 - Relative proportion of individual urinary
metabolites of (+)-arecoline 1-oxide in the mouse.
Stippled bars represent N-oxide metabolites
and open bars metabolites where the N-oxide has been
reduced.

patterns identical to authentic arecoline 1-oxide. Accordingly,
further experiments were performed to investigate the
relative importance of FMO1 and FMO3 in arecoline N-
oxidation. Firstly, it was established that arecoline N-oxida-
tion by both FMO1 and FMO3 was linear with respect to
enzyme concentration (0-200 nM; data not shown). Secondly,
it was established that the rate of arecoline N-oxidation by
FMO1 was linear up to 20 min and by FMO3 was linear up to
25 min. The specificity of the reactions were checked by using
the FMO inhibitor methimazole at 10, 100, 200, and 1000 uM.
The reaction with FMO1 was >90% inhibited at 1000 pM
methimazole, with an ICsy value of ~90 uM. The reaction with
FMO3 was completely inhibited at 100 pM methimazole (data
not shown).

3.6.  Michaelis-Menten kinetics of arecoline N-oxidation
by FMO1 and FMO3

The calibration curve for arecoline 1-oxide determination by
UPLC-TOFMS using caffeine as internal standard was linear
from 0 to 50 pM arecoline 1-oxide (r = 0.995). The velocity (V)
versus substrate concentration (S) curve for N-oxidation by
both FMO1 and FMO3 is shown in Fig. 11A and the Lineweaver—
Burk reciprocal plots are shown in Fig. 11B. From these data it
was determined that the Ky, estimates (mean =+ S.D.) for FMO1
and FMO3 were 13.6 & 4.9 and 44.5 + 8.0 uM, respectively, and
the Vax estimates for FMO1 and FMO3 were 0.114 + 0.01 and
0.014 + 0.001 nmol min~* ug~! FMO. These values yielded
intrinsic clearances (Vimax/Knm) for FMO1 and FMO3 of 8.4 and
0.32mlmin " pg ' enzyme, respectively, a >25-fold differ-
ence between FMO1 and FMO3. The N-oxidation of arecoline
appears to be preferentially carried out by the renal isozyme
FMO1 and to a lesser extent by the hepatic isozyme FMO3,
although it is the relative abundance of each isozyme that will
determine which isozyme is preferentially utilized in any
given tissue.
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4, Discussion

Metabolomic methodologies, the fusion of a high-resolution
technology such as UPLC (resolving 5000 protonated ions in a
9min chromatogram), with exact mass determination by
TOFMS, and MVA using SIMCA-P+, provide a new horizon in
drug metabolism studies. We have recently reported the
identification of 11 metabolites of the areca nut alkaloid
arecoline [6] and 13 metabolites of the experimental antic-
ancer drug Aminoflavone [23] using this approach to analyze
mouse urine. The majority of the metabolites described were
novel. Secondary MS/MS experiments were used to confirm
the identity of metabolites. In this report, we have studied
one of the two major urinary metabolites of arecoline in the
mouse, (+)-arecoline 1-oxide after oral administration
(20 mg/kg) and demonstrated its biotransformation by
mercapturic acid formation and further derivatives, ester
hydrolysis, N-oxide reduction, C=C double-bond reduction,
carboxylic acid (ester) reduction to the aldehyde, together
with various combinations of these pathways. Furthermore,
four of these metabolites were detected as diastereomers,
making a total of 14 urinary metabolites, including the
parent compound. Only a sketchy account of the adminis-
tration of arecoline 1-oxide to two rats has been reported and
the author assumed that N-oxide reduction back to arecoline
was the hallmark of its metabolism [8]. The great majority of
the metabolites of (+)-arecoline 1-oxide reported here are
novel.

A unique method for estimation of the relative concentra-
tions of each metabolite in urine has been employed, using
scores for individual ion/retention time pairs derived from the
metabolomic analysis. These metabolomic scores correlated
well with the peak areas obtained from the selected ion
chromatograms (Fig. 9). By making three basic assumptions

about the equivalency of ionization and gas phase stability of
ions throughout the chromatographic run, the metabolomic
score was employed here as a tool for metabolite quantitation.
Further validation of this approach using known concentra-
tions of authentic compounds in urine will be required before
the metabolomic score can be used more generally. Never-
theless, this variable has furnished important insights into the
murine biotransformation and urinary excretion of (+)-areco-
line 1-oxide. A metabolic map has been constructed (Fig. 8)
which, in combination with the quantitative data (Fig. 10), has
opened a window on the metabolic behavior of (+)-arecoline 1-
oxide in the mouse. First, it would appear that approximately
half of the drug-related material in urine comprises
unchanged compound. However, there is evidence that N-
oxides may undergo metabolic reduction in vivo, perhaps by
the gut flora, before being N-oxidized back to the parent
compound. It was possible to visualize this process, termed
“metabolic retroversion”, by administration of trimethyla-
mine N-oxide (TMAO) to two persons with an inherited
trimethylamine N-oxidation deficiency, known as fish-odor
syndrome. While unaffected subjects excreted >94% of the
administered TMAO apparently unchanged, with only 4% as
the free base trimethylamine (TMA), the two affected patients
excreted 35 and 51% of dose as TMA, and two heterozygous
subjects excreted 12 and 16% of dose as TMA. Overall, these
findings suggested that 40-60% of an oral dose of TMAO
undergoes retroverted metabolism [9]. In addition to the
observation of arecoline excretion after arecoline 1-oxide
administration to rats [8], administration of either arecoline [6]
or (+)-arecoline 1-oxide (Table 1; Figs. 8 and 10) both lead to the
excretion of arecoline 1-oxide, arecoline, arecaidine, arecoline
mercapturic acid, and arecoline 1-oxide mercapturic acid. It is
therefore possible that (+)-arecoline 1-oxide undergoes an
unknown degree of metabolic retroversion and that, as has
been claimed [8], the metabolites of the 1-oxide originate via
arecoline. However, this prospect appears unlikely in the most
part, because ~80% of the urinary metabolites are N-oxides
(Fig. 10).

The range and possible interconversion of urinary meta-
bolites of (+)-arecoline 1-oxide are worthy of comment. Fig. 8
shows a metabolic map for which metabolism depicted in the
horizontal plane is that which retains the N-oxide, specifically
mercapturic acid formation and C=C double-bond reduction.
Both of these pathways occur also for arecoline [6] and,
moreover, the latter reaction (alkene reduction) is without
precedent in mammalian drug metabolism. However, a major
distinction must be made between the reductive reaction for
arecoline and for its N-oxide. In the case of arecoline, the
finding was of urinary N-methylnipecotic acid, the reduced
product of the primary metabolite arecaidine. Accordingly, it
was suggested that the reduction occurred via a CoA-
dependent pathway, possibly by trans-2-enoyl thioester
reductase (EC 1.3.1.38) [6]. In the case of the N-oxide reported
here, this mechanism would not be feasible, since the reduced
metabolites (IVa and IVb) retain the methyl ester group. An
alternative mechanism must be sought. The clues perhaps
arise from the apparent ready formation of mercapturic acids
(Ifa, IIb, and VII) from the N-oxide and their subsequent
methylmercaptan and mercaptan derivatives (Va-c and VII),
which together account for some 30% of the urinary
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metabolites of (+)-arecoline 1-oxide. In all these metabolites,
the C=C double-bond has been “reduced” by the addition of
the endogenous thiol, be it GSH, cysteine or N-acetylcysteine.
Metabolic scission of the heterocycle-sulfur bond would lead
to the observed metabolites, both in the case of (+)-arecoline
1-oxide and arecoline. To our knowledge, such a metabolic
reaction for mercapturic acids, or for glutathione conjugates,
has not been described.

Fig. 8 also displays in the vertical plane metabolic
pathways of (+)-arecoline 1-oxide for which the N-oxide
has been metabolically reduced. The most significant of
these is the carboxaldehyde derivative (II) of arecoline.
Interestingly, this metabolite, which represents the loss of a
single atom of oxygen from arecaidine (VI), was not detected
after the administration to mice of either arecoline or
arecaidine [6], suggesting that it is formed from the N-oxide
without prior reduction to arecoline and arecaidine. Both
metabolic options are depicted in Fig. 8. A carboxylic acid
reductase has been reported in bacteria and fungi [24,25] that
can metabolize benzoic, vanillic and ferulic acids to their
corresponding aldehydes [25]. Although this is an analogous
pathway as described herein, this aldehyde oxidoreductase
activity [25] has not been reported to occur in mammals. This
provides evidence for a role of the gut flora in arecoline 1-
oxide metabolism. In humans, the intestinal microbiota
contains at least 100 times as many genes as the human
genome [26] and therefore is an important source of
xenobiotic metabolism.

The formation or arecoline (VIII) by N-oxide reduction has
been previously reported [8] and this presumably is the
precursor for the observed arecaidine (VI) by ester hydrolysis
and for the diastereomeric arecoline mercapturic acids (IXa and
IXb). However, these mercapturic acids may be formed by N-
oxide reduction of the corresponding arecoline 1-oxide mer-
capturic acids (Ila and IIb). Both pathways are depicted in Fig. 8.
Finally, the question arises whether the mercaptan metabolites
(Va—c) are formed in a two-step reaction from the observed
methylmercaptan metabolite (VII), or whether by the action of
cysteine S-conjugate B-lyase [22] on arecoline mercapturic acids
(IXa and IXb). Again, both pathways are depicted in the
metabolic map. A clearer understanding of these interconver-
sions would only be possible from investigations that adminis-
tered the individual enantiomers of arecoline 1-oxide (Fig. 1).

This report has furnished a much clearer picture of the
metabolic transformations of (+)-arecoline 1-oxide. Taken
together with the metabolic map of arecoline and arecaidine
[6], these new data may be helpful in dissecting the
biochemical and cellular components of the clinical toxicology
of areca nut chewing. This habit has some 600 million
devotees [1,2] and is associated with several public health
concerns [3-5], including oral cancer [3,5]. The mechanisms of
carcinogenesis of the areca alkaloids are not known, although
several nitrosamines derived from these alkaloids have been
the suspected agents. Notwithstanding, these nitrosamines
display little or no mutagenicity or carcinogenicity in model
systems. Alternative mechanisms should conceivably be
sought. For example, arecoline readily undergoes a direct
chemical reaction with N-acetylcysteine, which is the basis of
the chemical synthesis of its mercapturic acid [7]. It is possible
that the same reaction occurs in vivo, without the intervention

of a glutathione S-transferase enzyme. Direct reaction with
cellular thiols might therefore occur in tissues with low levels,
or lacking, glutathione S-transferases, such as the buccal
mucosa. Elevated local concentrations of areca alkaloids, such
as arecoline and arecaidine, might therefore reduce cellular
thiols in oral tissues and thus, impair anti-oxidant defenses,
perhaps leading to alkylation of tissue macromolecules once
these defenses had been overcome. Detailed knowledge of the
metabolism of these alkaloids would be expected to contribute
to our understanding of the clinical toxicology of areca nut
chewing.

In summary, a metabolomic approach to the metabolism of
(£)-arecoline 1-oxide in the mouse has led to a better
understanding of the metabolic map for both (+)-arecoline
1-oxide and its precursor alkaloid arecoline. Several novel
metabolites, many formed as diastereomers, have been
revealed by this unique approach. Additionally, metabolic
pathways hitherto not described in mammals were also
observed, including carboxylic acid reduction and C=C
double-bond reduction. Approximately, 50% of the urinary
metabolites comprised unchanged parent compound, with a
further 20% as other N-oxide derivatives. Several mercapturic
acids and their catabolic products were observed, comprising
some 30% of the urinary metabolites of (+)-arecoline 1-oxide.
Arecoline 1-oxide was demonstrated not to be formed by a
panel of human P450s, but was formed by both FMO1 and
FMO3, the intrinsic clearance (Vmax/Km) of the former being
over 25-times the later. These data suggest that arecoline may
be converted to its N-oxide in human tissues other than the
liver, especially the kidney, where FMO1 is predominantly
expressed [12,13]. These data may point to a role for the kidney
in the human pharmacology and toxicology of the areca
alkaloids.
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