
Journal of Pharmaceutical and Biomedical Analysis 40 (2006) 1121–1130

Characterization of the cytochrome P450 enzymes and enzyme kinetic
parameters for metabolism of BVT.2938 using different in vitro systems

Pawel Baranczewski∗, Per Olof Edlund, Hans Postlind
Preclinical R&D, Biovitrum AB, Lindhagensgatan 133, SE-112 76 Stockholm, Sweden

Received 16 June 2005; received in revised form 7 September 2005; accepted 8 September 2005
Available online 22 November 2005

Abstract

An important step in the drug development process is identification of enzymes responsible for metabolism of drug candidates and determination
of enzyme kinetic parameters. These data are used to increase understanding of the pharmacokinetics and possible metabolic-based drug interactions
of drug candidates. The aim of the present study was to characterize the cytochrome P450 enzymes and enzyme kinetic parameters for metabolism of
BVT.2938 [1-(3-{2-[(2-ethoxy-3-pyridinyl)oxy]ethoxy}-2-pyrazinyl)-2(R)-methylpiperazine], a potent and selective 5HT2c-receptor agonist. The
enzyme kinetic parameters were determined for formation of three main metabolites of BVT.2938 using human liver microsomes and expressed
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ytochrome P450 (CYP) isoforms. The major metabolite was formed by hydroxylation of the pyridine ring (CLint = 27�l/mg min), and wa
atalysed by both CYP2D6*1 and CYP1A1, withKm values corresponding to 1.4 and 2.7�M, respectively. The results from enzyme kine
tudies were confirmed by incubation of BVT.2938 in the presence of the chemical inhibitor of CYP2D6*1, quinidine. Quinidine inhi
ormation of the major metabolite by approximately 90%. Additionally, studies with recombinant expressed CYP isoforms from rat indic
ormation of the major metabolite of BVT.2938 was catalysed by CYP2D2. This result was further confirmed by experiments with liver sl
ifferent rat strains, where the formation of the metabolite correlated with phenotype of CYP2D2 isoform (Sprague–Dawley male, exten
gouti male, intermediate; Dark Agouti female, poor metabolizer). The present study showed that the major metabolite of BVT.2938 is
ydroxylation of the pyridine ring and catalysed by CYP2D6*1. CYP1A1 is also involved in this reaction and its role in extra-hepatic me
f BVT.2938 might be significant.
2005 Elsevier B.V. All rights reserved.
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. Introduction

BVT.2938 [1-(3-{2-[(2-ethoxy-3-pyridinyl)oxy]ethoxy}-2-
yrazinyl)-2(R)-methylpiperazine] is a potent and selective ago-
ist of a 5HT2c receptor that has been demonstrated to reduce
ody weight in animal studies. Currently obesity is increasing
ealth problem worldwide, with the prevalence of obesity 20.9%

n the US population in 2001[1]. BVT.2938 is recently exam-
ned for its preclinical properties and the present work describes
he identification of the enzymes involved in metabolism of
VT.2938 and determination of the enzyme kinetic parameters.
Identification of the enzymes involved in the metabolism is

ne of the most important steps of drug metabolism studies dur-
ng the drug discovery and development process.

∗ Corresponding author. Tel.: +46 8 697 2423; fax: +46 8 697 3295.
E-mail address: pawel.baranczewski@biovitrum.com (P. Baranczewski).

The identification of enzymes involved in metabolism
drug candidate is useful for better understanding of ge
polymorphism in drug clearance and for prediction of po
tial metabolic-based drug–drug interactions[2–4].

Some drug metabolising enzymes, e.g. cytochrome
(CYP) 2D6 are polymorphic and their expression varies w
a population[5,6]. When the drug candidate is metabolised
a polymorphic enzyme it might be very difficult to predict ph
macokinetic parameters for a whole populations and there
additionally studies using animal models or clinical studies
needed.

Currently, the risk for metabolic-based drug–drug inte
tions can be predicted early during the drug discovery
cess using in vitro approaches[4]. The enzyme affinity (Ki )
of the drug candidate for different enzymes can be m
sured and compared to expected plasma concentration.
ratio between the plasma concentration andKi is equal to
or above one, additional clinical studies are recomme

731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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to estimate the risk for metabolic-based drug–drug inter-
actions[7].

The second important step of drug metabolism studies is
the determination of enzyme kinetic parameters:Km, Vmax and
CLint. The determination of enzyme kinetic parameters for the
metabolic reaction can be used for a better estimation of the drug
candidate pharmacokinetics in human and to eliminate com-
pounds with non-linear dose–exposure relationships[8]. TheKm
value (Michaelis–Menten constant) is an indicator of the affin-
ity between an enzyme and a substrate and it can also reflect at
which concentration of the substrate, the enzymatic system will
be saturated, with increasing risk at lowerKm values. Satura-
tion of the enzymes may lead to non-linear kinetics of the drug
candidate, which in turn may cause difficulties in prediction of
dose and drug response[8,9]. Additionally, intrinsic clearance
(the ratioVmax/Km) can indicate the major metabolic pathway
for elimination of the drug in human in vivo[8].

Previously, the identification of metabolites formed in incu-
bations of BVT.2938 with human and animal liver microsomes
as well as cryopreserved hepatocytes have been described[10].
In incubations with human liver microsomes eight metabo-
lites were identified. Three of them: M2, hydroxylation of the
pyridine ring; M7,O-deethylation of the pyridine ring; M8,O-
dealkylation of the ethylene bridge, were formed at the highest
rate. In the present studies different in vitro approaches like
recombinant expressed enzymes, liver microsomes, tissue slices,
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as 100%. Sample concentrations were calculated by comparing
peak areas, and expressed as the fraction (in %) of remaining
compound. The in vitrot1/2 and intrinsic clearance of BVT.2938
in liver microsomes were calculated using the in vitro half-life
method[11].

2.2. Incubation of BVT.2938 with human expressed CYP
isoforms for determination of potential drug–drug
interactions

BVT.2938 was dissolved in DMSO and added directly into
incubations to a maximum final DMSO concentration of 1%.
DMSO was added to control incubations (without BVT.2938).
The inhibitor concentrations were between 0.1 and 100�M in
a total incubation volume of 100�l with 25 or 100 mM KPO4
buffer, pH 7.4. Incubations were performed in triplicates. The
concentrations of marker substrates were atKm and 3Km for
each different marker. The reaction was started by addition of
NADPH to a concentration of 1 mM and terminated with 50�l
acetonitrile or 60% acetonitrile/40% 0.1 M Tris, pH 9.0.

The activity of CYP1A1 was estimated using [14C]-
chlorzoxazone as a marker substrate at a concentration of
9�M. The marker substrate was incubated over 60 min at 37◦C
in the presence of 2 pmol of CYP1A1, 1 mM NADPH and
1% of DMSO (control incubations) or BVT.2938 solution in
DMSO. The incubations were analyzed on a pre-column (Opti-
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nd chemical inhibitors were used for further investigation
he metabolism of BVT.2938.

. Materials and methods

.1. Incubation of BVT.2938 with human and rat liver
icrosomes for determination of metabolic stability

Pooled human liver microsomes, rat Sprague–Dawley
ale and female liver microsomes were purchased
enoTech LLC (Kansas City, KS, USA). The experiments
etermination of metabolic stability were performed at 37◦C
sing 1�M compound concentration, 1 mg/ml microsomal p

ein and 1 mM NADPH in a total volume of 150�l of 100 mM
hosphate buffer, pH 7.4. The incubation was started by the

ion of NADPH (Merck, Darmstadt, Germany) and termina
ith 75�l of acetonitrile at 0, 2.5, 5, 10, 20 and 40 min. Pre

tated proteins were removed by centrifugation at 3200 rpm
5 min at 4◦C before analysis.

Concentrations of BVT.2938 were determined in su
atants using liquid chromatography–tandem mass spec
try. After centrifugation, samples were injected with
ny further pre-treatment onto a Zorbax SB-C18 5�m,
.1 mm× 50 mm HPLC-column. The mobile phase consis
f 8 mM formic acid and acetonitrile and the column was el
ith a linear gradient from 5 to 95% acetonitrile at a flow
f 0.3 ml/min. Detection was made using a Micromass Qu

I mass spectrometer operated in positive ion mode electro
ith multiple reaction monitoring. The transition monitored w
/z 360 [MH+] → m/z 221. The incubations terminated prior
ddition of NADPH were used as calibration standards, de
)

i-

-

y

uard C8, 2�m, 3 mm) and a Zorbax SB C8 column (5�m,
50 mm× 4.6 mm). The column was eluted using isocratic c
itions, 35% A and 65% B (mobile phase A: 90% water, 1
ethanol and 0.2% acetic acid; mobile phase B: 90% meth
0% water and 0.2% acetic acid) over 5 min, at a flow ra
.5 ml/min and a scintillation liquid flow of 4.5 ml/min.

CYP1A2 was measured using 3-cyano-7-ethoxycouma
arker substrate, at a concentration of 3.5�M. Amount formed
f 3-cyano-7-hydroxycoumarin was detected with a fluo
ence method using an excitation wavelength of 405 nm
mission wavelength of 460 nm. The fluorescence was mea
ith a Victor 2, 1420 multilable counter instrument from Wa

EG&G Wallac, Turku, Finland).
Inhibition of CYP2C9*1 (Arg144) was measured us

14C]-diclofenac as a marker substrate at a concentratio
0�M. HPLC analysis of marker substrate was performed u
pre-column (Opti-Guard C8, 2�m, 3 mm) and a Zorbax S
8 column (5�m, 150 mm× 4.6 mm). The mobile phase co
isted of A (90% H2O/10% MeOH/0.2% acetic acid) and B (90
eOH/10% H2O/0.2% acetic acid). The column was elu
sing stepwise gradient (0 min/0% B, 5 min/90% B, 10 min/9
, 11 min/0% B), at a flow rate of 1.5 ml/min and a scintillat

iquid flow of 4.5 ml/min.
Inhibition of CYP2D6*1 was measured using 5�M [14C]-

extromethorphan as marker substrate and 3 M Empore e
ion plate ethyl (C2) to separate the metabolite dextrophan
etection was made using a TopCount NXT.

Inhibition of CYP3A4 was measured using [14C]-
estosterone as marker substrate for formation of�-
ydroxytestosterone determined by a HPLC system eq
ith a pre-column (Newguard 7�m RP 18, 3.2 mm× 15 mm)
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and a Zorbax SB C18 column (5�m, 150 mm× 4.6 mm). The
mobile phase consisted of A (20% acetonitrile, 80% water and
0.25% acetic acid) and B (65% acetonitrile, 35% water and
0.25% acetic acid). The column was eluted using isocratic con-
ditions, 30% of A and 70% of B over 5 min at a flow rate of
2.0 ml/min and a scintillation liquid flow of 6.0 ml/min.

2.3. Incubations of BVT.2938 with individual human and
rat expressed CYP isoforms and FMOs

All recombinant expressed enzymes used in this study were
purchased from BD Biosciences (Bedford, MA, USA). A 5 pmol
of recombinant expressed human cytochrome P450 isozymes
(CYPs: 1A1, 1A2, 1B1, 2A6, 2B6, 2C8, 2C9*1, 2C19, 2D6*1,
2E1, 3A4, 3A5 and 4A11), rat cytochrome P450 isozymes
(CYPs: 1A1, 1A2, 2A2, 2B1, 2C6, 2C11, 2C12, 2C13, 2D1,
2D2, 3A1 and 3A2), or FMO1, or FMO3, or FMO5, or 10�g
of control microsomes per 100�l were incubated in triplicates
with 10�M of [14C]-BVT.2938, giving a final concentration
of ethanol equal to 1%. The samples with isozymes CYP1A1,
CYP1A2, CYP1B1, CYP2D6*1, CYP3A4, FMO1, FMO3,
FMO5 and with control microsomes were incubated in 100 mM
KPO4, pH 7.4 buffer, while 50 mM was used for CYP2B6,
CYP2C8 and CYP2E1 and incubations with CYP2C9*1 and
CYP2C19 were performed with 25 mM KPO4, pH 7.4 buffer.
CYP2A6 was incubated in 50 mM Tris buffer, pH 7.4. The
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100�l of 100 mM KPO4, pH 7.4. The incubations were started
by addition of NADPH (1 mM) and terminated after 10 min by
addition of 50�l of 3% trichloroacetic acid in 100 mM KPO4,
pH 7.4. Control incubations were performed in triplicates using
10�g of microsomes from insect control cells containing no
detectable activity of P450 enzymes and 1, 10 and 100�M of
[14C]-BVT.2938. Precipitated proteins were removed by cen-
trifugation at 3200 rpm for 15 min at 4◦C and the supernatants
were analyzed using a HPLC/Radiomatic system.

2.6. Incubation of BVT.2938 with human liver microsomes
and specific chemical inhibitors

[14C]-BVT.2938 was incubated at a concentration of 5�M
in the presence of human liver microsomes and different
CYP isozyme-specific inhibitors; CYP1A (�-naphthoflavone),
CYP2C9 (sulfaphenazole), CYP2D6 (quinidine), CYP3A (keto-
conazole). The inhibitors were dissolved in methanol and added
to the incubations at a final concentrations of 1, 10 or 50�M for
all inhibitors except ketoconazole, where the final concentra-
tions were 0.01, 0.1 or 1�M. The amount of methanol was 1%
in all incubations. Incubations were performed in triplicates for
15 min at 37◦C, using a final protein concentration of 1 mg/ml
and an NADPH concentration of 1 mM. Total incubation vol-
ume was 100�l (100 mM KPO4 pH 7.4). The incubations were
initiated by the addition of NADPH. Control incubations con-
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ncubations were initiated by addition of NADPH (final co
entration of 1 mM) and terminated after 60 min by additio
0�l of 3% trichloroacetic acid in buffer. Precipitated prote
ere removed by centrifugation at 3200 rpm for 15 min at◦C
nd the supernatants were analyzed using HPLC/Radio
ystem.

.4. Incubation of BVT.2938 with human liver microsomes
or determination of enzyme kinetic parameters

Different concentrations of [14C]-BVT.2938: 0.1, 0.25, 0.5
.75, 1, 2.5, 5, 7.5, 10, 25, 50, 75 and 100�M were incubate

n triplicates in the presence of 100�g microsomal proteins i
00 mM KPO4, pH 7.4, at 37◦C (final incubation volume o
00�l). The samples were incubated in triplicates. The in
ations were initiated by addition of NADPH (final conc

ration of 1 mM) and terminated after 15 min (the incuba
ime was chosen to be in the linear range) by addition of 5�l
f 3% trichloroacetic acid in 100 mM KPO4, pH 7.4. Precip

tated proteins were removed by centrifugation at 3200
or 15 min at 4◦C and the supernatants were analyzed u
PLC/Radiomatic system.

.5. Incubations of BVT.2938 with human CYPs: 1A1,
D6*1 and 3A4 for determination of enzyme kinetic
arameters

CYP1A1, or CYP2D6*1, or CYP3A4 were incubated in tr
icates with [14C]-BVT.2938 at concentrations 0.1, 0.25, 0
.75, 1, 2.5, 5, 7.5, 10, 25, 50, 75 and 100�M. The activity of

he enzyme was 0.03 pmol/�l, in a total incubation volume o
ic

aining 1% solvent (methanol), without any inhibitor, were a
erformed. All reactions were terminated by the addition
0�l of 3% trichloroacetic acid in 100 mM KPO4, pH 7.4. P
ipitated proteins were removed by centrifugation at 3200
or 15 min at 4◦C and the supernatants were analyzed us
PLC/Radiomatic system.

.7. Incubation of BVT.2938 with rat liver slices

Liver from the following rat strains: Sprague–Dawley (S
ale, SD female, Dark Agouti (DA) male and DA fem
ere used. All animals were 6–8 weeks old and weig
pproximately 200 g. The livers were washed with ice-
rebs–Henseleit buffer and tissue cores of 8 mm diameter
repared using a motor-driven corning tool from Vitron, I
Tuscon, AZ, USA). The best cores were used for slice pr
ation. Liver slicing was performed in ice-cold Krebs–Hense
uffer using Brendel/Vitron tissue slicer from Vitron, Inc. T
licing buffer was gassed before and during slicing with ca
en (95% O2/5% CO2). Slices diameter was 8 mm and wei
5–30 mg. Fresh cut slices were placed in a six-well plate
lice per well with 1.5 ml of incubation medium—Williams
edium E with Glutamax-I. BVT.2938 was dissolved in DM
nd added directly to the incubation to a final concentratio
�M. [14C]-BVT.2938 was dissolved in methanol and ad
irectly to the incubation to a final concentration of 5�M. In
ddition differences in CYP2D2 activity was analyzed by in
ating liver slices from every rat strain with propranolol, a
nal concentration of 10�M. The final concentration of DMS
nd methanol was less than 0.2% (v/v). The same am
f DMSO and methanol were added to control incubat
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without BVT.2938 or propranolol. The slices were incubated
for 4 and 8 h at 37◦C, under continuous carbogen (95% O2/5%
CO2) flow. After incubation the slices were transferred to tubes
and homogenized for 30 s using a Ultra-Turrax. Ice-cold acetoni-
trile (1.5 ml) was added to terminate the reaction and precipitated
proteins were removed by centrifugation at 3500 rpm for 15 min
at 4◦C. The acetonitrile was evaporated under nitrogen and sam-
ples were filtered through 0.45�m micro-spin cellulose filters
from Alltech Assoc., Inc. (IL, USA).

2.8. HPLC/Radiomatic conditions for analysis of samples
from the incubations

The parent compound ([14C]-BVT.2938) remaining and
metabolites formed, were analyzed using Hewlett-Packard 1100
HPLC system connected to a flow scintillation detector, Packard
Radiomatic 500TR series. The samples were analyzed using a
Phenomenex column: Luna C18 (2), 4.6 mm× 150 mm with 5�
particles. Mobil phase A: 2% methanol, 0.02% TFA; mobile
phase B: 100% methanol, 0.02% TFA; gradient from 25% to
45% of B over 34 min at a flow rate 1 ml/min with a scintillation
liquid flow of 3 ml/min (Ultima FLO-AP).

2.9. Calculations
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formation of M2 and M7 metabolite (Fig. 2). Therefore, the
enzyme kinetic parameters for metabolism of BVT.2938 into
these major metabolites were determined by measuring the
consumption of BVT.2938 and formation of M2, M7 and M8
metabolites at substrate concentrations from 0.1 to 100�M in the
presence of human liver microsomes as well as human expressed
enzymes.

Under the conditions used, the conversion of BVT.2938 into
the M2 metabolite using Michaelis–Menten plot had aKm
equal to 5.5�M (Fig. 3A and Table 2). However, using the
Lineweaver–Burk plot theKm value obtained for the forma-
tion of M2 was 2.0�M (Fig. 3B and Table 2). The results
obtained from the Eadie–Hofstee plot indicated that formation
of the M2 metabolite was catalyzed by two enzymes (Fig. 3C).
TheKm value for the first enzyme was 2.0�M and for the sec-
ond enzyme 5.0�M respectively (Table 2). In experiments with
human recombinant expressed CYPs, CYP2D6*1 was found to
have aKm of 1.4�M, and CYP1A1 aKm of 2.6�M. Summary of
the enzyme kinetic results for the formation of the M2 metabo-
lite after incubation of BVT.2938 with human liver microsomes
and these CYP isoforms are presented inTable 2.

The results from Michaelis–Menten, Lineweaver–Burk and
Eadie–Hofstee plots for the formation of M7 in the pres-
ence of human liver microsomes are shown inTable 3. The
Eadie–Hofstee plot suggested that two enzymes also were
involved in the formation of M7 metabolites: one having aK
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Maximal velocity (Vmax), Michaelis–Menten constant (Km)
nd intrinsic clearance (CLint) as well as IC50 and Ki values
ere calculated using non-linear regression by the Grap
RISMTM software, version 2.0 (GraphPad Software, Inc.,
iego, CA, USA). Michaelis–Menten, Lineweaver–Burk a
adie–Hofstee plots were plotted.

. Results

The intrinsic clearance of BVT.2938 after incubation w
uman and rat SD male and female liver microsomes wa
ighest for male rat and the lowest for the samples incub
ith human microsomes (Table 1).
BVT.2938 is metabolized into several metabolites in

resence of human liver microsomes and human cryopres
epatocytes[10]. Three of them: M2, hydroxylation of th
yridine ring; M7, O-deethylation of the pyridine ring; M
-dealkylation of the ethylene bridge, were formed at the h
st rate (Fig. 1). Additionally, the experiments with recomb
ant expressed human CYP isozymes showed that two

orms, namely CYP1A1 and CYP2D6*1 were involved in

able 1
ummary of metabolic stability data for BVT.2938 in incubations with hu
nd rat SD male and female liver microsomes

iver microsomes In vitrot1/2

(min)
In vitro CLint

(�l/mg min)
In vitro CLint

(ml/kg BW min)

uman (pool) 9.2 75 75
at SD male 2.6 270 594
at SD female 4.2 165 363

Lint: intrinsic clearance.
d

e
d

d

-

m
qual to 0.8�M and the second enzyme with aKm of 7.8�M
Fig. 4). Experiments using human expressed CYP isozy
ndicated that both CYP1A1 and CYP2D6*1 were able to
lyze the formation of M7—CYP2D6*1 was determined to h
Km value equal to 1.0�M, and CYP1A1 aKm equal to 3.8�M

Table 3).
The Eadie–Hofstee plot indicated that more than

nzyme was involved in the formation of the M8 meta
ite in incubation with human liver microsomes: enzym
ith Km and Vmax equal to 26�M and 248 pmol/mg min
nd enzyme 2 withKm and Vmax equal to 6.1�M and
31 pmol/mg min, respectively. The results obtained with

able 2
ummary of the enzyme kinetics for formation of the M2 metabolite after
ation of BVT.2938 with human liver microsomes, CYP2D6*1 and CYP1

lot Km

(�M)
Vmax

(pmol/mg min)
CLint in vitro
(�l/mg min)

uman liver microsomes
Michaelis–Menten 5.5 106 19
Lineweaver–Burk 2.0 68 34
Eadie–Hofstee (enzyme 1) 2.0 67 34
Eadie–Hofstee (enzyme 2) 5.0 109 22

YP2D6*1
Michaelis–Menten 1.2 716 597
Lineweaver–Burk 1.5 716 477
Eadie–Hofstee 1.6 750 469

YP1A1
Michaelis–Menten 2.0 80 40
Lineweaver–Burk 3.1 79 25
Eadie–Hofstee 2.9 86 30
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Fig. 1. Chemical structure of BVT.2938 and its metabolites formed after in vitro incubation with human liver microsomes and rat liver slices.

Michaelis–Menten plot confirmed the parameters for the first,
low affinity enzyme (Km = 25�M andVmax= 256 pmol/mg min,
CLint = 10�l/mg min), and the Lineweaver–Burk plot results
for the second, high affinity enzyme (Km = 7.4�M and
Vmax= 108 pmol/mg min, CLint = 15�l/mg min). Experiments
using human expressed CYP isozymes indicated that three

enzymes were able to form the M8 metabolite, namely
CYP2D6*1, CYP3A4 and to low extent CYP1A1. The results
obtained with incubations of BVT.2938 and CYP3A4 indicated
that CYP3A4 was the major isoform responsible for formation
of M8 metabolite (Km = 7.3�M, Vmax= 390 pmol/mg min and
CLint = 53�l/mg min).
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Fig. 2. Formation of M2 and M7 metabolites after incubation of 10�M BVT.2938 with different CYP isozymes and FMOs.

The enzyme kinetic results for two major metabolites of
BVT.2938—M2 and M7, were confirmed in experiments with
chemical inhibitors of CYP2D6 (quinidine), CYP1A1 (�-
naphthoflavone), CYP2C9 (sulfaphenazole) and CYP3A4 (keto-
conazole). Quinidine inhibited formation of M2 and M7 metabo-
lites by 90 and 95%, respectively, and�-naphthoflavone by
approximately 40 and 30%, respectively (Fig. 5). Ketoconazole
at the final concentration of 0.01�M was responsible for approx-
imately 20% of inhibition of the formation of both metabolites.
However, no further inhibition was observed with increased con-
centration of ketoconazole up to 1�M (Fig. 5). Sulfaphenazole
did not have any significant influence on the formation of M2
and M7.

Table 3
Summary of the enzyme kinetics for the formation of M7 metabolite after incu-
bation of BVT.2938 with human liver microsomes, CYP2D6*1 and CYP1A1

Plot Km

(�M)
Vmax

(pmol/mg min)
CLint in vitro
(�l/mg min)

Human liver microsomes
Michaelis–Menten 5.5 53 9.6
Lineweaver–Burk 1.3 33 27
Eadie–Hofstee (enzyme 1) 0.8 27 33
Eadie–Hofstee (enzyme 2) 7.8 68 8.7

C

C

Five other metabolites of BVT.2938 were formed at lower
concentrations with human liver microsomes. Due to the low
concentrations no enzyme kinetic parameters were investigated
for these metabolites. However, human expressed CYP isoforms
and FMOs were used to determine which enzymes that were
involved in formation of these metabolites.N-hydroxylation at
the piperazine ring of BVT.2938 (M1 metabolite) was only catal-
ysed by FMO1. CYP3A4 and to lower extent CYPs: 2D6*1 and
1A1 were involved in formation of the following metabolites:
M3, hydroxylation at the pyrazine ring, M5 and M6, piperazine
ring opening (Fig. 1).

The enzyme kinetic studies were confirmed in experiments
for prediction of potential drug–drug interactions for BVT.2938.
The highest risk for metabolic-based drug–drug interactions was
estimated for CYP1A1 withKi value of 1.0�M (Table 4). Addi-
tionally, BVT.2938 was showed to be a competitive inhibitor
of CYP2D6*1 (Ki = 3.4�M) and CYP3A4 (Ki = 10�M). The
lowest risk for interactions were predicted between BVT.2938
and compounds/drugs metabolized by CYP1A2 and CYP2C9*1
(Arg144) (Table 4).

The previous study showed that BVT.2938 was metabolised
to the same metabolites in rat and human microsomes[10]. In
order to characterize the rat CYPs responsible for metabolism of
BVT.2938, the compound was incubated with 12 different rats
recombinant expressed CYPs. Under these conditions, the major
CYP involved in formation of M2 metabolite was CYP2D2 with
a tal-
y ivity
o M7
m 1A1
a M1
m an
a tes
YP2D6*1
Michaelis–Menten 1.0 343 343
Lineweaver–Burk 0.9 331 368
Eadie–Hofstee 1.0 356 356

YP1A1
Michaelis–Menten 3.7 227 61
Lineweaver–Burk 3.2 214 67
Eadie–Hofstee 4.5 268 60
n activity of 67 pmol/mg min. Two more rat CYPs also ca
sed the formation of M2, CYP1A1 and CYP2C6, at an act
f 30 and 13 pmol/mg min, respectively. The formation of
etabolite was catalysed by the following rat CYPs: 2D2,
nd 2C6, at 166, 83 and 20 pmol/mg min, respectively. The
etabolite was formed in incubations with CYP2C11 with
ctivity of 17 pmol/mg min, and formation of two metaboli
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Fig. 3. The representative plots for formation of M2 metabolite after incubation
of BVT.2938 with human liver microsomes. (A) Michaelis–Menten plot, (B)
Lineweaver–Burk plot and (C) Eadie–Hofstee plot.

Fig. 4. The Eadie–Hofstee plot for formation of M7 metabolite after incubation
of BVT.2938 in the presence of human liver microsomes.

related to piperazine ring opening, M5 and M6, was catalysed
by CYPs: 3A1 and 3A2 as well as CYP1A1 and CYP2C6 with
low activity.

The influence of CYP2D2 isoform on metabolism of
BVT.2938 was further investigated using liver slices from dif-
ferent rat strains. The metabolite pattern obtained for BVT.2938
was the same after incubation with rat liver slices as compared to
microsomes, except that direct conjugations of BVT.2938 with
sulfuric and glucuronic acid (via carbamate) were also iden-
tified (Fig. 1). However, the level of the metabolites differed
between tested rat strains after 8 h of incubation (Fig. 6 ). The
experiments showed that the formation of metabolites related to
CYP2D2 activity, namely M2 and M7 metabolites, decreased
in the following order: SD male, DA male and DA female liver
slices. No significant differences were detected in formation of
the metabolites between SD male and female rat liver slices
(Fig. 6). BVT.2938 remaining and BVT.2938-sulfate showed
opposite upward trend, the lowest level was detected with liver
slices from SD male rat, higher with DA male and the highest
with DA female rat liver slices. The same trend regarding the
formation of metabolites of BVT.2938 with liver slices from dif-
ferent rat strains was also observed after 4 h of incubation (data
not shown).

Liver slices from different rat strains were also incu-
bated with propranolol, and formation of 7-hydroxylated
metabolite was determined. The highest turnover of propra-
n ba-
t ity

Table 4
Summary of the data obtained after incubation of BVT.2938 with human expre

Enzyme Percent of inhibition (%)

1�M 10�M 100�M

CYP1A1 43 87 96
CYP1A2 0 12 72
CYP2C9*1 0 17 81
CYP2D6*1 20 62 86
CYP3A4 6 43 94

ND: not determined.
olol to 7-hydroxylated metabolite was detected in incu
ions with SD male and female liver slices with an activ

ssed CYP isoforms for determination of drug–drug interactions

IC50 (�M) Ki (�M) Type of inhibition

2.0 1.0 Competitive
ND ND ND
ND ND ND
6.8 3.4 Competitive
20 10 Competitive
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Fig. 5. Effect of cytochrome P450 specific, chemical inhibitors:�-naphthoflavone, quinidine and ketoconazole on the formation of M2 (A) and M7 (B) metabolites
after incubation of 5�M [14C]-BVT.2938 with human liver microsomes. All values are mean values from duplicates and the standard deviation is calculated from
duplicates.

of 23 and 21 pmol/mg min, respectively. Lower formation of
7-hydroxypropranolol was obtained in DA male rat slices
(9 pmol/mg min) and the lowest in incubation with DA female
liver slices (2 pmol/mg min).

4. Discussion

The human and animal liver fractions and recombinant
expressed metabolising enzymes offer new possibilities for iden-
tification of the enzymes involved in metabolic reactions and
for kinetic characterization of the reactions[7,12]. This study
demonstrates an example how these models can be used to char-
acterize a drug candidate at an early stage in drug discovery and
development. Analysis of the metabolic stability performed at

an early discovery stage showed that the compound might be
metabolised to a high extent by CYPs. Data from the CYP inhi-
bition screen were used for prediction of possible interactions
between BVT.2938 and drugs, which already are present on the
market for treatment of obesity. Two CYP isoforms: 3A4 and
2C9 are involved in metabolism of a lipase inhibitor, Xenical
[13,14]. Based on the results of the present studies it might be
concluded that low risk for drug–drug interactions exist between
BVT.2938 and Xenical. Another anti obesity drug present on the
market is Meridia[14]. Unfortunately, no information regard-
ing the metabolism of this drug or several other compounds
which are under development for treatment of obesity, are avail-
able at present. The competitive type of inhibition between
BVT.2938 and CYPs suggested that these isoforms might also



P. Baranczewski et al. / Journal of Pharmaceutical and Biomedical Analysis 40 (2006) 1121–1130 1129

Fig. 6. Percent of total peak area for M2, M7, sulfate and carbamoyl glucuronide of BVT.2938 after 8 h incubations with rat liver slices from different rat strains:
SD male, SD female, DA male and DA female. All values are mean values from duplicates and the standard deviation is calculated from duplicates.

be involved in the metabolism of BVT.2938. Therefore, further
in vitro studies for identification and kinetic characterization of
the metabolic enzymes involved in the metabolism of BVT.2938
were initiated. The hepatic CYP isoforms responsible for the for-
mation of the major metabolite of BVT.2938 were CYP2D6*1
and CYP2D2 in incubations with human and rat recombinant
expressed CYPs, respectively. Because CYP2D6 is one of the
polymorphic isoforms of CYP[5], further studies with liver
slices from different rat strains were performed. Three rat strains
with different CYP2D2 phenotype were selected: SD male
and female, extensive metabolizer; DA male, intermediate; DA
female, poor metabolizer of CYP2D2[15–17]. The differences
in activity of CYP2D2 across rat strains were confirmed using
a specific reaction for CYP2D2: propranolol 7-hydroxylation
[18]. The results obtained confirmed the importance of CYP2D2
activity for the metabolism of BVT.2938, and changes in activity
of the isoform influenced the total metabolism of the compound.
Surprisingly, the lower formation of the major metabolites of
BVT.2938 related to decrease of CYP2D2 activity resulted not
only in decreased of consumption of the parent compound but
also in an increase in the formation of the sulfate metabolite of
BVT.2938. This metabolite was formed by direct conjugation
of BVT.2938 and could be detected only in incubations with
hepatocytes or liver slices[10]. This observation suggested that
further studies on BVT.2938 metabolism by CYP2D6 should
include human hepatocytes and/or tissue slices.

for
m ted
b omi-
n mac
a be
i , no
r sed
o tha
C nce
o

At least three of the metabolites of BVT.2938 were formed
by CYP3A4, which is an abundant isoform of CYP in the liver
known to be involved in the metabolism of many xenobiotics
[20]. The main metabolite formed by CYP3A4 was M8, for
which theKm value was over 10�M, and low intrinsic clearance.
The results with ketoconazole, a specific inhibitor of CYP3A4
confirmed that this isoform was responsible for only approxi-
mately 20% of the total metabolism of the compound.

The experiments with liver slices showed also one additional
important aspect of metabolism of BVT.2938, direct conjuga-
tion with sulfuric and glucuronic acid (via carbamate). Previous
studies identified the metabolites[10], but no suitable model
was found for kinetic studies of these reactions. These metabo-
lites might represent an important pathway, especially in poor
metabolizers of CYP2D6. This conclusion supports the previous
suggestion, that several in vitro models should be used in parallel
in order to discover all aspects of BVT.2938 metabolism[10].

In summary, in vitro metabolism of BVT.2938 was investi-
gated in different in vitro models. The compound was shown
to be a high clearance drug candidate with potential risk for
metabolic drug interactions involving CYPs: 1A1 and 2D6*1.
The major metabolite of BVT.2938 was formed by hydroxy-
lation of the pyridine ring and this reaction was catalysed by
CYP2D6*1. However, CYP1A1 was also involved in this reac-
tion and its role in extra-hepatic metabolism of BVT.2938 might
be significant. For a more complete understanding of the influ-
e of
B pa-
t izers
a

A

ens
f and
D

The second important CYP isoform responsible
etabolism of BVT.2938 was CYP1A1. CYP1A1 is regula
y the Ah receptor, is polymorphic and expressed pred
antly in extrahepatic tissues including lungs, placenta, sto
nd small intestine[19]. Since BVT.2938 was shown not to

nvolved in induction via the Ah receptor (data not shown)
isk for induction of the CYP1A1 was predicted. However, ba
n the results from these studies it might be anticipated
YP1A1 might play a significant role in extra-hepatic cleara
f BVT.2938 in the in vivo situation.
h

t

nce of polymorphic CYP2D6 and CYP1A1 on metabolism
VT.2938 within population further studies using human he

ocytes and/or liver slices from extensive and poor metabol
re recommended.
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