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a b s t r a c t

Nicotine is considered to be a specific substrate for UGT2B10, an isoform of human uridine diphosphate
glucuronosyltransferase (UGT). In the present study, a sensitive and selective liquid chromatogra-
phy/tandem mass spectrometry (LC–MS–MS) method for quantification of nicotine N-glucuronide in
pooled human liver microsomal incubates was developed and validated. Proteins in a 200 �L aliquot of
incubation solution were precipitated by adding 40 �L 35% perchloric acid. The overall extraction effi-
ciency was greater than 98%. Nicotine N-glucuronide and internal standard were recorded using selected
reaction monitoring in positive ion electrospray with ion transitions of m/z 339–163 and m/z 342–166,
respectively. The linear calibration curve was obtained over the concentration range of 10–1000 nM,
with a lower limit of quantification of 10 nM. The intra-day and inter-day precision (% CV) and accuracy

(% bias) of the method were within 15% at all quality control levels. Nicotine glucuronide in processed
samples was stable for 24 h at room temperature and 48 h at 4 ◦C based on the stability experiments
performed in this study. This established method was employed to evaluate the inhibitory effects of five
target compounds including amitriptyline, hecogenin, imipramine, lamotrigine, and trifluoperazine on
enzymatic activity of UGT2B10. IC50 values for inhibition of nicotine N-glucuronidation by amitripty-
line, imipramine, lamotrigine, and trifluoperazine were calculated. Trifluoperazine was found to be a

r hu
non-substrate inhibitor fo

. Introduction

Glucuronidation, catalyzed by the uridine diphosphate glu-
uronosyltransferases (UGTs), is an important metabolic pathway
or the detoxification and elimination of many endobiotics (biliru-
in, bile acids) and xenobiotics (zidovudine, acetaminophen) [1–3].
o date, at least 19 human UGTs have been identified and they are
ivided into two subfamilies in humans: UGT1 and UGT2 [4]. Liver

s the major organ involved in glucuronidation, although some UGT
soforms are highly expressed in intestine and kidney [5,6]. UGTs
articipate in the transfer of glucuronic acid to a large number of

tructurally diverse substrates containing such acceptor groups as
henols, alcohols, amines, and carboxylic acids. Aliphatic or aro-
atic tertiary amine groups are quite common in many drugs and

ioactive components, such as nicotine and tricyclic antidepres-

Abbreviations: HLM, human liver microsomes; CID, collision induced dis-
ociation; SRM, selected reaction monitoring; HPLC, high performance liquid
hromatography.
∗ Corresponding author at: Department of Clinical Pharmacology & DMPK,
straZeneca Pharmaceuticals, 1800 Concord Pike, C-233L, Wilmington, DE 19803,
SA. Tel.: +1 302 885 1358; fax: +1 302 886 5345.

E-mail address: jgjguo@gmail.com (J. Guo).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.03.034
man UGT2B10.
© 2011 Elsevier B.V. All rights reserved.

sants and anticonvulsants. Human UGT1A4 has been believed to
be the only enzyme involving N+-glucuronidation of these amine-
containing drugs until the recombinant human liver UGT2B10
expressed in insect cells was shown to catalyze the same metabolic
reaction [7–9]. Studies using human liver microsomes and recom-
binant human UGT enzymes indicated that human UGT2B10 is
another important UGT isoform contributing to the glucuronida-
tion of some drugs containing aliphatic or aromatic tertiary amine
functional groups and subsequently resulting in the formation of
quaternary ammonium glucuronide metabolites [9–11]. However,
only a limited number of isoform-selective UGT substrates and
inhibitors have been identified due to the overlapping substrate
specificity of human UGT isoforms [12,13], and no isoform-selective
UGT inhibitory antibody is available to date [8]. Hecogenin and
trifluoperazine were known substrates and selective inhibitors of
UGT1A4 [8,14,15]. Whereas, it remains unclear whether hecogenin
and trifluoperazine can inhibit the activity of UGT2B10.

Nicotine is one of the major bioactive constitutes in tobacco
plants and detected in urine and plasma of smokers. Given that

nicotine is a selective substrate of UGT2B10 at low substrate
concentrations (approximately 0.1 mM) [10], monitoring nicotine
N-glucuronide generated by human liver microsomes in the pres-
ence of compounds containing aliphatic or aromatic tertiary amine
could be used to evaluate the potential effect of these drugs

dx.doi.org/10.1016/j.jpba.2011.03.034
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:jgjguo@gmail.com
dx.doi.org/10.1016/j.jpba.2011.03.034
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n nicotine N-glucuronidation catalyzed by human UGT2B10 and
nticipate specific drug–drug interaction in clinical use.

High performance liquid chromatography coupled tandem mass
pectrometry (HPLC–MS–MS) is an effective analytical approach to
etermine low concentrations of drugs or other ingested materi-
ls in biological matrices. Nicotine has two basic nitrogen moieties
n pyrrolidine and pyridine rings with pKa values at 8.1 and 3.0,
espectively. In an aqueous solution, nicotine exists as free base, or
n the mono- or diprotonated forms, depending on the pH of the
olution [16]. N-Glucuronidation of nicotine occurs at the tertiary
mine on its pyridine ring to generate a charged quaternary amine,
hich can greatly affect the retention and peak shape of nicotine

lucuronide on an HPLC column. These problems can be resolved
y HPLC column selection, selecting suitable composition of mobile
hase, or controlling the pH value of mobile phase. Specifically,
queous phosphate solution and heptane sulfonate sodium were
sed to adjust pH of mobile phase and optimize the HPLC retention
ime and separation of nicotine N-glucuronide [7,17]. However, the
onvolatile buffer used in these methods is not compatible with
lectrospray ionization (ESI) and ion-pairing agents significantly
educe the signal intensity in ESI mass spectrometry [18]. To deter-
ine N-glucuronidation of [5-3H]nicotine generated by human

iver microsomes and expressed UGTs, an HPLC analysis was devel-
ped using 0.025% trifluoroacetic acid (pH 2.5) as mobile phase
19]. Another LC–MS method has been reported to quantify nicotine
lucuronide in recombinant human UGT2B10 with limit of quantifi-
ation of 5 nM, in which the mobile phase consists of methanol and
ater with trifluoroacetic acid (pH 2.2) [10]. Whereas, the relatively

ong chromatographic cycle time (>10 min) limited the applica-
ion of these methods in high-throughput analysis. Recently, Miller
t al. proposed a LC–MS–MS method to determine eight nico-
ine metabolites including nicotine glucuronide in human plasma
nd urine with lower limit of quantitation (LLOQ) at 1 ng/mL and
.5 ng/mL, respectively [20]. However, the reported sample prepa-
ation method required multiple steps of manipulation including
cidification, solid-phase extraction, neutralization, evaporation,
ryness, and reconstitution.

The present study describes the development and validation of a
ast and selective electrospray LC–MS–MS method for the determi-
ation of nicotine glucuronide in human liver microsomes (HLM).
simple protein precipitation using perchloric acid was applied to

xtract nicotine glucuronide in HLM incubation solution. The stabil-
ty of N-glucuronide in acidic condition was validated. The dynamic
ange is 10–1000 nM, and the LLOQ is 10 nM. This method was then
uccessfully applied to the analysis of nicotine N-glucuronide in
LM in support of determination of the inhibitory effects of com-
ounds on UGT2B10 catalyzed nicotine N-glucuronidation.

. Materials and methods

.1. Reagents and chemicals

HPLC-grade acetonitrile, methanol, deionized water, and formic
cid were purchased from Fisher Scientific (Fair Lawn, NJ, USA).
icotine, amitriptyline, hecogenin, imipramine, lamotrigine, tri-
uoperazine, alamethicin, uridine 5′-diphosphoglucuronic acid
UDPGA), trifluoroacetic acid (TFA), and perchloric acid were
urchased from Sigma–Aldrich (St. Louis, MO, USA). Nicotine
-glucuronide and nicotine N-glucuronide (Methyl-d3) were pur-
hased from Toronto Research Chemicals (North York, ON, Canada).

ive lots of pooled human liver microsomes (20 mg/mL) were pur-
hased from BD Gentest (Bedford, MA, USA), In Vitro Technologies
Chicago, IL, USA), and XenoTech (Lenexa, KS, USA). Recombinant
uman UGTs were generated in baculovirus-infected insect cells as
escribed previously [9].
iomedical Analysis 55 (2011) 964–971 965

2.2. Preparation of standard solutions

Primary standard stock solutions of nicotine N-glucuronide and
nicotine N-glucuronide (methyl-d3) (internal standard) were pre-
pared separately in methanol at 10 mM and were stored at −20 ◦C.
The secondary stock solution of nicotine N-glucuronide at 80 �M
was obtained by dilution with 20% methanol. The calibration stan-
dards were freshly prepared by spiking 35 �L secondary stock
solution into 665 �L blank incubation solution containing human
liver microsomes to get a standard solution at 4 �M, followed by
a serial dilution to give final nicotine glucuronide concentrations
of 10, 25, 50, 100, 250, 500, 800, and 1000 nM. Quality control
(QC) samples were prepared in a manner similar to the calibration
standards at four concentration levels (10, 25, 200 and 800 nM). A
working solution of internal standard was prepared in water at a
final concentration of 4 �M. A 40-�L aliquot of 35% perchloric acid
was added to calibration standard or QC to precipitate the protein.
Then 20 �L of internal standard working solution was added after
the addition of perchloric acid. After vortex-mixed for 10 s and cen-
trifuged at 10,000 × g for 10 min, a 5-�L aliquot of the supernatant
was injected into the LC–MS–MS system for analysis.

2.3. Liver microsome incubation

The enzyme reactions were conducted under linear conditions
respective of incubation time and protein concentration. In all
cases, incubation mixtures containing 0.5 mg/mL microsomal pro-
tein, 50 �g/mg alamethicin, 50 mM potassium phosphate buffer
(pH 7.4), and 5 mM MgCl2 were kept on ice for 15 min. After 3 min
pre-incubation, reactions were initiated by adding UDP-glucuronic
acid (UDPGA) (2 mM final concentration) in a total volume of
200 �L. Reactions were allowed to proceed for 90 min at 37 ◦C, and
terminated by the addition of 40 �L perchloric acid (35%) followed
by the addition of 20 �L of nicotine glucuronide (methyl-d3) (4 �M).
After centrifugation at 10,000 × g for 10 min to remove the precip-
itated proteins, the supernatant was transferred to 96-well plate.
The assays to study enzyme reaction kinetics were performed in
duplicate at 10 concentrations of nicotine (0.05–5 mM) in recom-
binant UGT2B10 and 12 concentrations (0.015–5 mM) in pooled
human liver microsomes.

The potential inhibitory effects of amitriptyline, hecogenin,
imipramine, lamotrigine, and trifluoperazine on nicotine glu-
curonidation were evaluated in pooled human liver microsomes.
Nicotine was co-incubated at 200 �M in duplicate with pooled
human liver microsomes in the presence of 8 concentrations of
amitriptyline, hecogenin, imipramine, lamotrigine, or trifluoper-
azine (0.05–100 �M). The formation of nicotine glucuronide was
compared to that in their absence (vehicle control).

2.4. LC–MS–MS

The Acquity ultra performance liquid chromatography system
(Waters Corporation, Milford, USA) interfaced to an API 4000 Qtrap
mass spectrometer (Applied Biosystems, Foster City, USA). Chro-
matographic separation was carried out using a Discovery HS F5
analytical LC column (2.1 mm × 50 mm, 3.0 �m) (Sigma–Aldrich, St.
Louis, USA). A mobile phase consisting of water containing 0.06%
TFA (pH 2.0) (A) and methanol containing 0.06% TFA (B) was used
for the LC-separation. The elution gradient program was as fol-
lows: held 10% B over first 0.5 min, increased B from 10% to 80%

within 1.5 min followed by 80% B for 1 min. Column was equili-
brated with initial condition of gradient for 2 min. The flow rate
was 0.35 mL/min. The injection volume was 5 �L. The column and
the autosampler were maintained at room temperature (∼25 ◦C).
Nicotine glucuronide and the internal standard eluted at 0.9 min.
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Fig. 1. Positive ion electrospray product ion mass spectra of

Positive ion electrospray tandem mass spectrometric anal-
sis was carried out at unit resolution with collision-induced
issociation and selective reaction monitoring. The source tem-
erature was 450 ◦C, the electrospray voltage was 5000 V, and
he declustering potential was 56 V for both nicotine glucuronide
nd the internal standard. Nitrogen was used as the collision
as at energies of 23 V for nicotine glucuronide and the inter-
al standard. The ion transitions of m/z 339–163 for nicotine
lucuronide and m/z 342–166 for the internal standard were mon-
tored with a dwell time of 150 ms per transition. Data were
cquired and analyzed using Applied Biosystems Analyst 1.4.2
oftware.

.5. Method validation

The selectivity of the method was investigated by screening
t least five lots of drug-free pooled human liver microsomes in
he incubation solution for the exclusion of any endogenous co-

luting interference at the retention times of nicotine glucuronide
nd internal standard.

Three validation batches were used to assess the precision and
ccuracy by evaluating intra-day and inter-day accuracy and preci-
ion of four quality control samples concentrations. Each batch was
otine glucuronide and (B) nicotine glucuronide (methyl-d3).

processed on a separate day and had two sets of calibration stan-
dards and six replicates of QC samples at 10, 25, 200, and 800 nM.
QC samples and other test samples were interspersed between two
calibration curve samples. A blank sample was always placed right
after the upper limit of quantification (ULOQ) standard to evaluate
the carry-over of the LC–MS–MS. The lower limit of quantification
was defined as the lowest concentration of nicotine glucuronide in
calibration standards at which the concentration can still be reli-
ably quantified (within 20% CV and RE, and it typically requires a
signal-to-noise ratio of larger than 10:1). Accuracy was defined as
the percent bias of the measured concentration relative to the nom-
inal concentration of each quality control sample. Precision was
defined as percent coefficient of variation obtained from replicates
(n = 6) of the QC samples. Both the precision and accuracy were less
than or equal to 15%.

The recovery of nicotine glucuronide from incubation solutions
using protein precipitation was evaluated using quality control
samples. The measured concentrations of normal QC samples

were compared to blank microsomal extracts post-spiked with the
standard solution at the same concentration. Matrix interference
caused by the suppression or enhancement of ionization during
LC–MS–MS was evaluated by comparing the LC–MS–MS response
of nicotine glucuronide that was spiked in extracted blank samples,
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ith that obtained from QC neat solutions at the same concentra-
ions (10 nM, 25 nM, 200 nM and 800 nM).

The stability of un-extracted QC samples was evaluated by
eeping six aliquots of each of QCs (10 nM, 25 nM, 200 nM and
00 nM) at ambient temperature (∼25 ◦C) for 4 h in order to
stablish the short-term stability of nicotine N-glucuronide in
icrosomal incubation solution. Then, the samples were processed

nd analyzed. The concentrations obtained were compared with
he nominal values of QC samples. The short-term post-preparative
tability was included in one of three batches of extracted sam-
les that were stored at 4 ◦C for 48 h or in the auto-sampler for
pproximately 24 h before injection onto the LC–MS–MS system to
etermine the storage stability and re-injection reproducibility of
he processed samples. The results were compared with those of
reshly prepared QC samples. Nicotine glucuronide was considered
o be stable when the measured concentrations in the test samples
anged from 85% to 115% of the initial concentrations.

. Results and discussion

.1. Selectivity

Positive ion electrospray MS/MS product-ion spectra of nico-
ine glucuronide and nicotine glucuronide (methyl-d3) are shown
n Fig. 1. Protonated nicotine glucuronide was detected at m/z
39, and collision-induced dissociation of this precursor ion pro-
uced product ions of m/z 163, 132, and 106, corresponding to
M+H-176]+, [M+H-176–CH3NH2]+, [M+H-176–C3 H7N]+ (Fig. 1A).
s the ion of m/z 163 was the base peak of the product tandem
ass spectrum of the protonated molecule of m/z 339, the mass

ransition of m/z 339–163 was selected for monitoring and quan-
ification of nicotine glucuronide. In addition, the ion transition
f m/z 342–166 was selected to measure the internal standard
icotine glucuronide (methyl-d3) (Fig. 1B). The selected reaction
hromatograms of nicotine glucuronide and internal standard at
xtracted blank matrix are shown in Fig. 2. No interfering peaks
rom endogenous compounds were detected at the retention times
f nicotine glucuronide or the internal standard during the analysis
f blank microsomal extracts.

Initial LC–MS–MS methods were developed using various HPLC
olumns (XTerra RP18 column from Waters and Acclaim mixed-
ode HILIC column from Dionex) with mobile phase having various

H values (pH 2.0–9.0). However, peak splitting was observed for
he nicotine glucuronide. The peak shape of analyte was improved
hen a Discovery HS F5 column was used with mobile phase con-

aining 0.06% TFA (pH ∼2.0). Furthermore, the retention time of
icotine N-glucuronide on column was reduced to less than 1 min.

.2. Matrix effects

Matrix effects are common during electrospray mass spec-
rometry when co-eluting matrix components cause the analyte

ignal to become either attenuated or, less frequently, enhanced.
o determine whether matrix interference affected the analysis of
icotine glucuronide, an extracted blank microsomal sample was

njected into the LC–MS–MS system while nicotine glucuronide
as introduced continuously post-column. No significant matrix

able 1
esults of matrix effect for human liver microsomes.

Matrix Absolute matri
QCs (n = 6)

10 nM

Nicotine glucuronide HLM −2.3
Fig. 2. Representative LC–MS–MS chromatograms of matrix blank samples. (A)
Nicotine glucuronide (m/z 339–163) and (B) nicotine glucuronide (methyl-d3) (m/z
342–166).

interference was observed between 0.9 min and 1.0 min corre-
sponding to elution time of standard (data not shown). The absolute
matrix effect was evaluated by comparing LC–MS response for stan-
dard spiked into microsomal extracts with that in neat solution.
The mean value of matrix effect ranged from −2.3 to 2.4%, indi-
cating a minimal matrix effect under current ionization condition
(Table 1).

3.3. Linearity and sensitivity

The calibration curve for nicotine-glucuronide in incubates
was linear over the concentration range of 10–1000 nM using
a 1/X2 weighting factor. On three different days, the calibration
curves for nicotine glucuronide were represented as the regres-
sion equations y = 0.0192x − 0.0132, y = 0.0218x − 0.0189, and
y = 0.0211x − 0.0418, respectively, all with correlation coefficients
(r2) greater than 0.996. The limit of detection (LOD) of nicotine-
glucuronide in incubation matrices was 0.5 nM (0.17 ng/mL, 5 �L
injection on-column), based on a signal-to-noise (S/N) ratio equal
to 3:1 (Fig. 3A and B). Using the lowest concentration of the calibra-
tion curve as the lower limited of quantification (LLOQ) according to
FDA guidance, the LLOQ of this method is 10 nM (3.3 ng/mL) (Fig. 3C
and D).

3.4. Precision and accuracy
The precision of the assay was defined as the coefficient of
variation (CV) calculated from six measurements of QCs at four
different concentrations. The accuracy of the assay was defined
as the percent bias of the mean of the measurements (n = 6) of

x effect (%)

25 nM 200 nM 1800 nM

2.4 2.2 −1.5
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Fig. 3. Representative LC–MS–MS chromatograms of LOD and LLOQ samples. (A) Extracted samples spike with nicotine glucuronide at 0.5 nM (LOD) and (B) internal standard
nicotine glucuronide (methyl-d3); (C) extracted samples spike with nicotine glucuronide at 10 nM (LLOQ) and (D) internal standard.

Table 2
Intra-assay and inter-assay accuracy and precision.

QCs

10 nM 25 nM 200 nM 800 nM

Day 1 n 6 6 6 6
Mean 9.0 25.7 200 796
CV % 3.7 3.3 4.3 4.2
Bias % −10.5 2.7 0.4 −0.4

Day 2 n 6 6 6 6
Mean 9.3 26.4 216 864
CV % 8.5 6.7 3.8 4.2
Bias % −6.9 5.4 9.1 8.1

Day 3 n 6 6 6 6
Mean 8.9 24.3 212 794
CV % 8.1 2.3 3.6 3.9
Bias % −11.4 −2.8 6.4 −0.7

f
a
(
t
f

T
S

Inter-day n 18
Mean 9.0
CV % 7.9
Bias % −9.6
our QCs compared to the true value. The resulting precision (CV)
nd accuracy are presented in Table 2. The intra-day precision
CV) and accuracy ranges were 2.3–8.5% and −11.4 to 9.1%, respec-
ively. The inter-day precision values were in the range of 5.1–7.9%
or all the QC samples, and accuracy was between −9.6 and 5.3%.

able 3
torage stability and re-injection reproducibility of processed samples.

QCs (n = 6)

10 nM 25 nM

(1) Short term (un-extracted samples in room temperature for 4 h)
Mean 9.3 24.3
CV % 8.5 11.4
Bias % −6.6 −2.7
(2) 4 ◦C for 48 h
Mean 10 24.6
CV % 10 13.5
Bias % 0.4 −1.5
(3) Re-injection reproducibility after 24 h
Mean 10.1 25.9
CV % 7.6 9.7
Bias % 0.8 3.7
18 18 18
25.4 210 818

5.5 5.1 5.6
1.8 5.3 2.3
All intra-day and inter-day precision and accuracy values met
the required ±15%, indicating that the assay is accurate, precise
and reproducible for the quantification of nicotine-glucuronide
over the concentration range of 10–1000 nM in incubation matri-
ces.

200 nM 800 nM

207 823
4.3 6.7
3.4 2.9

224 851
5.5 10.8

12.2 6.4

205 780
3.8 2.0
2.9 −2.4
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Fig. 4. Kinetic analysis of nicotine glucuronidation by human liver microsomes and recombinant UGT2B10. (A) Nicotine glucuronidation catalyzed by human liver microsomes.
The substrates were incubated at 12 concentrations in the range of 0.015–5 mM. (B) Nicotine glucuronidation catalyzed by recombinant UGT2B10. The substrates were
incubated at 10 concentrations in the range of 0.05–5 mM. Eadie–Hofstee plot for nicotine glucuronidation is also presented.

Table 4
Kinetic parameters of nicotine glucuronidation in human liver microsomes and recombinant UGT2B10. Data are presented as mean ± standard error of parameter fit.

Km (�M) Vmax (pmol/min/mg) Vmax/Km (�l/min/mg)

HLM 200.8 ± 27.6 5.3 ± 0.2 0.026
UGT2B10 179.8 ± 19.1 0.41 ± 0.01 0.002
Fig. 5. Inhibitory effects of amitriptyline, hecogenin, imipramine, lamotrigin
e, trifluoperazine (0.05–100 �M) on nicotine glucuronidation in HLM.
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Table 5
Average IC50 values for inhibition of human UGT2B10 by amitriptyline, hecogenin, imipramine, lamotrigine, and trifluoperazine.
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Amitriptyline (�M) Hecogenin (�M)

IC50 6.8 NAa

a Not available.

.5. Recovery

The extraction efficiency was assessed by comparing concen-
rations of nicotine glucuronide in the extracted QC samples with
hose obtained from the extracted blank microsomal fractions post-
piked with corresponding neat standard solutions. Treatment of
icrosomal fractions with 40 �L of 35% perchloric acid served the

ual purpose of precipitating proteins and adjusting the pH value
f incubates. The recoveries of nicotine-glucuronide from microso-
al fraction at initial concentrations of 10, 25, 200 or 800 nM were

9.4%, 94.4%, 98.7% or 101.8%, respectively, using the protein pre-
ipitation procedure. This protein precipitation procedure not only
llows the high efficiency of extraction, but also improved the peak
hape of nicotine glucuronide during LC–MS–MS analysis through
djustment of the pH value of extracted incubates.

.6. Stability

In general, N-glucuronides are susceptible to acid hydrolysis.
herefore, it was critical to evaluate the stability of nicotine glu-
uronide in processed samples by comparing the concentration
emaining after storage under different conditions to the concen-
ration of nicotine glucuronide in freshly prepared samples. These
esults are shown in Table 3. Nicotine glucuronide was stable in pro-
essed microsomal fraction for 24 h at room temperature in HPLC
uto-sampler, and for 48 h at 4 ◦C based on the stability experi-
ents performed in this study. In addition, the short-term stability

f un-extracted analyte in microsomal incubation mixtures was
valuated at room temperature for up to 4 h, based on the expected
aximum period of time that samples would be maintained at

his temperature during assay. The results of the experiments
howed that no significant degradation occurred during assays
Table 3).

.7. Inhibition of nicotine N-glucuronidation catalyzed by
GT2B10

The method described above has been successfully employed
o investigate the kinetics of the formation of nicotine glucuronide
atalyzed in pooled human liver microsomes and by recombinant
uman UGT2B10. The results are shown in Fig. 4 and Table 4.
he kinetics parameters were calculated using a nonlinear regres-
ion analysis fit of the data to the Michaelis–Menten equation
Fig. 4). Eadie–Hofstee plot of nicotine N-glucuronidation by human
iver microsomes and UGT 2B10 were monophasic (Fig. 4), indi-
ating that one enzyme and one binding site was involved. These
esults suggested that UGT2B10 is the only enzyme contributing
o nicotine glucuronidation at current low substrate concentra-
ion. The apparent Km values (the apparent affinity constants) for
he metabolism of nicotine to form N-glucuronide by HLM and
GT2B10 were 201 and 180 �M, respectively.

To further evaluate the potential inhibitory effects of amitripty-
ine, hecogenin, imipramine, lamotrigine, and trifluoperazine on
icotine glucuronidation, nicotine was incubated with HLM in the

resence of each compound at various concentrations. As shown

n Fig. 5, amitriptyline and imipramine have been demonstrated as
GT2B10 substrates with higher affinity to UGT2B10 than UGT1A4

9]. Here, the average estimated IC50 values for the inhibition of
GT2B10-catalyzed nicotine glucuronidation by amitriptyline and
ramine (�M) Lamotrigine (�M) Trifluoperazine (�M)

40.5 49.1

imipramine were 6.8 �M and 16.5 �M, respectively (Table 5). The
approximately 60% residual activity after inhibition with 100 �M
lamotrigine indicated a minimal inhibitory effect on UGT2B10 cat-
alyzed nicotine glucuronidation. Hecogenin has been reported as
a selective inhibitor of UGT1A4 [8]. In consistent with this find-
ing, no inhibitory effect of hecogenin on nicotine glucuronidation
was observed across the concentration range used, indicating that
hecogenin is not an inhibitor of UGT2B10. This study provides addi-
tional evidence for the selective inhibition of hecogenin against
UGT1A4. Inconsistent with the previous report that trifluoperazine
is a selective substrate and inhibitor probe for UGT1A4 [8], 100 �M
trifluoperazine inhibited 86% of nicotine glucuronidation, suggest-
ing that trifluoperazine is also an inhibitor of UGT2B10. In addition,
trifluoperazine N-glucuronide was not observed during incubation
with recombinant UGT2B10 (data not shown), indicating that tri-
fluoperazine is a non-substrate inhibitor for human UGT2B10.

4. Conclusions

In the present study, a simple and rapid LC–MS–MS method
was successfully developed for the quantitative analysis of nico-
tine glucuronide in human liver microsomal incubates. This assay
requires less than 3 min per sample for LC–MS–MS analysis. The
extraction procedure not only precipitated proteins in samples, but
also optimized the chromatographic peak shape of analyte. Under
our experimental conditions, nicotine glucuronide was stable in
the processed samples. This method was further employed to eval-
uate potential inhibitory effects on human UGT2B10 in human liver
microsomes using nicotine as probe. Trifluoperazine was found
to be non-substrate inhibitor of UGT2B10. Certain UGT2B10 sub-
strates, such as amitriptyline and imipramine, exhibited potent
inhibitory effect on human UGT2B10. Therefore this method could
be implemented in drug metabolism studies using nicotine as
UGT2B10 probe.

References

[1] S.B. Senafi, D.J. Clarke, B. Burchell, Investigation of the substrate specificity
of a cloned expressed human bilirubin UDP-glucuronosyltransferase: UDP-
sugar specificity and involvement in steroid and xenobiotic glucuronidation,
Biochem. J. 303 (Pt 1) (1994) 233–240.

[2] C.B. Trapnell, R.W. Klecker, C. Jamis-Dow, J.M. Collins, Glucuronidation of
3′-azido-3′-deoxythymidine (zidovudine) by human liver microsomes: rele-
vance to clinical pharmacokinetic interactions with atovaquone, fluconazole,
methadone, and valproic acid, Antimicrob. Agents Chemother. 42 (1998)
1592–1596.

[3] A.E. Mutlib, T.C. Goosen, J.N. Bauman, J.A. Williams, S. Kulkarni, S. Kostrubsky,
Kinetics of acetaminophen glucuronidation by UDP-glucuronosyltransferases
1A1, 1A6, 1A9 and 2B15. Potential implications in acetaminophen-induced
hepatotoxicity, Chem. Res. Toxicol. 19 (2006) 701–709.

[4] P.I. Mackenzie, K.W. Bock, B. Burchell, C. Guillemette, S. Ikushiro, T. Iyanagi,
J.O. Miners, I.S. Owens, D.W. Nebert, Nomenclature update for the mammalian
UDP glycosyltransferase (UGT) gene superfamily, Pharmacogenet. Genomics
15 (2005) 677–685.

[5] C.P. Strassburg, S. Kneip, J. Topp, P. Obermayer-Straub, A. Barut, R.H. Tukey,
M.P. Manns, Polymorphic gene regulation and interindividual variation of UDP-
glucuronosyltransferase activity in human small intestine, J. Biol. Chem. 275
(2000) 36164–36171.

[6] S. Nagar, R.P. Remmel, Uridine diphosphoglucuronosyltransferase pharmaco-
genetics and cancer, Oncogene 25 (2006) 1659–1672.
[7] M. Nakajima, E. Tanaka, J.T. Kwon, T. Yokoi, Characterization of nicotine and
cotinine N-glucuronidations in human liver microsomes, Drug Metab. Dispos.
30 (2002) 1484–1490.

[8] V. Uchaipichat, P.I. Mackenzie, D.J. Elliot, J.O. Miners, Selectivity of substrate
(trifluoperazine) and inhibitor (amitriptyline, androsterone, canrenoic acid,
hecogenin, phenylbutazone, quinidine, quinine, and sulfinpyrazone) “probes”



and B

[

[

[

[

[

[

[

[

[

[

J. Guo et al. / Journal of Pharmaceutical

for human udp-glucuronosyltransferases, Drug Metab. Dispos. 34 (2006)
449–456.

[9] D. Zhou, J. Guo, A.J. Linnenbach, C.L. Booth-Genthe, S.W. Grimm, Role of
human UGT2B10 in N-glucuronidation of tricyclic antidepressants, amitripty-
line, imipramine, clomipramine, and trimipramine, Drug Metab. Dispos. 38
(2010) 863–870.

10] S. Kaivosaari, P. Toivonen, L.M. Hesse, M. Koskinen, M.H. Court, M. Finel, Nico-
tine glucuronidation and the human UDP-glucuronosyltransferase UGT2B10,
Mol. Pharmacol. 72 (2007) 761–768.

11] G. Chen, R.W. Dellinger, D. Sun, T.E. Spratt, P. Lazarus, Glucuronidation of
tobacco-specific nitrosamines by UGT2B10, Drug Metab. Dispos. 36 (2008)
824–830.

12] M.H. Court, Isoform-selective probe substrates for in vitro studies of
human UDP-glucuronosyltransferases, Methods Enzymol. 400 (2005)
104–116.

13] C.J. Patten, New technologies for assessing UDP-glucuronosyltransferases

(UGT) metabolism in drug discovery and development, Drug Discov. Today
Technol. 3 (2006) 73–78.

14] T. Hashizume, Y. Xu, M.A. Mohutsky, J. Alberts, C. Hadden, T.F. Kalhorn,
N. Isoherranen, M.C. Shuhart, K.E. Thummel, Identification of human UDP-
glucuronosyltransferases catalyzing hepatic 1alpha,25-dihydroxyvitamin D3
conjugation, Biochem. Pharmacol. 75 (2008) 1240–1250.

[

iomedical Analysis 55 (2011) 964–971 971

15] B. Zhu, B. Bush, G.A. Doss, S. Vincent, R.B. Franklin, S. Xu, Characterization of 1′-
hydroxymidazolam glucuronidation in human liver microsomes, Drug Metab.
Dispos. 36 (2008) 331–336.

16] S.S. Yang, I. Smetena, Evaluation of capillary electrophoresis of the analysis
of nicotine and selective minor alkaloids from tobacco, Chromatographia 40
(1995) 375–378.

17] O. Ghosheh, S.C. Vashishtha, E.M. Hawes, Formation of the quaternary
ammonium-linked glucuronide of nicotine in human liver microsomes: iden-
tification and stereoselectivity in the kinetics, Drug Metab. Dispos. 29 (2001)
1525–1528.

18] S.A. Gustavsson, J. Samskog, K.E. Markides, B. Langstrom, Studies of signal sup-
pression in liquid chromatography–electrospray ionization mass spectrometry
using volatile ion-pairing reagents, J. Chromatogr. A 937 (2001) 41–47.

19] G.E. Kuehl, S.E. Murphy, N-glucuronidation of nicotine and cotinine
by human liver microsomes and heterologously expressed UDP-
glucuronosyltransferases, Drug Metab. Dispos. 31 (2003) 1361–1368.
20] E.I. Miller, H.R. Norris, D.E. Rollins, S.T. Tiffany, D.G. Wilkins, A novel validated
procedure for the determination of nicotine, eight nicotine metabolites and two
minor tobacco alkaloids in human plasma or urine by solid-phase extraction
coupled with liquid chromatography–electrospray ionization-tandem mass
spectrometry, J. Chromatogr. B: Analyt. Technol. Biomed. Life Sci. 878 (2010)
725–737.


	Liquid chromatography–tandem mass spectrometry method for measurement of nicotine N-glucuronide: A marker for human UGT2B1...
	Introduction
	Materials and methods
	Reagents and chemicals
	Preparation of standard solutions
	Liver microsome incubation
	LC–MS–MS
	Method validation

	Results and discussion
	Selectivity
	Matrix effects
	Linearity and sensitivity
	Precision and accuracy
	Recovery
	Stability
	Inhibition of nicotine N-glucuronidation catalyzed by UGT2B10

	Conclusions
	References


