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ABSTRACT

In the present study, cytochrome P450 isozymes (P450) involved in the stereoselective
metabolism of the designer drug N-methyl-benzodioxolyl-butanamine (MBDB, Eden) were
identified for the first time. Demethylenation and N-demethylation of racemic MBDB as well
as its single enantiomers were investigated using cDNA expressed insect cell microsomes.
After incubation of MBDB, the two resulting main metabolites 1,2-dihydroxy-4-[2-
(methylamino)butyl]benzene (DHMBB) and benzodioxolyl-butanamine (BDB) were
separated and quantified by achiral gas chromatography-mass spectrometry after chiral
derivatization with S-heptafluorobutyrylprolyl chloride. Dealkylation was mainly catalyzed
by CYP2B6 and CYP2C19, demethylenation was additionally catalyzed by CYP1A2,
CYP2D6, and CYP3A4. The most abundant isozymes after in vitro-in vivo correlation using
the relative activity factor approach are CYP2B6 for N-dealkylation and CYP2D6 for
demethylenation the second step being the most relevant. In addition, inhibition studies
towards MBDB biotransformation using the CYP2D6 selective inhibitor quinidine confirmed
the dominant role of this polymorphic isozyme in total MBDB metabolism. In general, at low
substrate concentrations the S-enantiomer is metabolized at a higher rate foremost by
CYP2C19. These findings are in line with results previously reported for the corresponding
ring  substituted amphetamines  3,4-methylenedioxy-methamphetamine and  3,4-
methylenedioxy-ethylamphetamine. In conclusion, the main enzyme responsible for MBDB
metabolism after in vitro-in vivo correlation is CYP2D6, whereas CYP2C19 is the most

enantioselective.

Keywords: MBDB, amphetamines, enantiomers, CYP, enzyme kinetic, inhibition
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1. Introduction

Besides 3,4-methylenedioxy-methamphetamine (MDMA, Ecstasy) and 3,4-methylenedioxy-
ethylamphetamine (MDEA, Eve), another methylenedioxy compound, the a-ethyl homologue
of MDMA, N-methyl-benzodioxolyl-butanamine (MBDB, Eden) has appeared on the illicit
drug market. Compared to MDMA and MDEA, the data currently available for MBDB
concerning metabolism and toxicity are very limited. As reported by Van Aerts et al. [1], the
understanding of the toxicological and pharmacological actions and prediction of the risks of
consuming MBDB is harder than for MDMA/MDEA. From the pharmacological point of
view, MBDB induces interpersonal communication, has MDMA-like stimulant effects and
produces euphoria albeit to a lesser extent than MDMA [2]. MBDB is able to increase the
concentration of dopamine, serotonin, and noradrenalin but to a minor extent than MDMA or
MDEA. In general, MBDB and MDMA have similar properties which was also shown in
animal drug discrimination tests [3,4]. Therefore, both are members of the same drug class
called “entactogen” [5]. Concerning differences between R- and S-MBDB, the S-enantiomer
is more active in the matter of re-uptake inhibition in hippocampal samples [6] and more
potent than the same oral dose of R-MBDB [1]. Furthermore, MDMA has been found to
substitute in S-MBDB trained rats [7]. Johnson et al. suggested similar neurotoxic effects of
MBDB and MDMA [8]. In the case of MDMA, its main metabolite 4-
dihydroxymethamphetamine (DHMA) is easily oxidized to its corresponding quinones which
can form adducts with glutathione and other thiol-containing compounds [9-11]. Recently,
such adducts have been implicated in MDMA neurotoxicity [12,13].

In vivo metabolism of MBDB is comparable to MDMA/MDEA (Fig.1). In phase-l, it is
dealkylated to its active metabolite 3,4-methylenedioxybutanamin (BDB) and demethylenated
to the corresponding dihydroxy compound 1,2-dihydroxy-4-[2-(methylamino)butyl]benzene
(DHMBB) followed by conjugation in phase-II [14-17].

Since in vitro and in vivo metabolism of some ring substituted amphetamines (RSA) was

shown to be more or less enantioselective [18-23], elucidating this phenomenon is important

3
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for the toxicological and pharmacological point of view. Concerning the most popular RSA
MDMA, several studies have shown that there is a metabolic preference for the S-enantiomer
[18-23] and that this difference is at least partially attributable to cytochrome P450 isozymes
(P450) [24-27]. MDEA was also investigated for that matter and studies revealed also a
preference for the S-enantiomer which can explain its enantioselective elimination [26,28,29].
In the case of MBDB, the data currently available give no idea whether the S-form of this
RSA is also metabolized preferably by P450 isoforms. Neither in vivo nor in vitro studies are
available concerning the CYP-dependent metabolism of MBDB enantiomers. Solely, one
study using racemic MBDB and CYP inhibition in pooled human liver microsomes is
available, indicating CYP2D6, CYP3A4, and CYPlA2 being involved in its
biotransformation [17].

Therefore, the aim of the presented study was to obtain enantioselective enzyme kinetic data
of MBDB N-demethylation and demethylenation by the ten P450s most relevant in human

drug metabolism.

2. Materials and Methods

2.1. Chemicals and reagents

Racemic hydrochloride of MBDB was obtained from Lipomed (Bad Saeckingen, Germany)
and racemic DHMBB hydrochloride from ReseaChem (Burgdorf, Switzerland). Methanolic
solution (100 mg/L) of racemic BDB-d, was obtained from Promochem (Wesel, Germany).
Sodium bicarbonate was purchased from Fluka (Steinheim, Germany); NADP" from Biomol
(Hamburg, Germany), isocitrate, isocitrate dehydrogenase, sodium metabisulfite (Na,S;05)
from Carl Roth (Karlsruhe, Germany), and 3,4-dihydroxybenzylamine (DHBA) from Sigma
(Taufkirchen, Germany). Water was purified in the authors’ lab using a Millipore filtration
unit. All other chemicals and reagents were obtained from Merck (Darmstadt, Germany). The

following microsomes were from BD Gentest (Woburn, MA, USA) and delivered by NatuTec
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(Frankfurt/Main, Germany): baculovirus-infected insect cell microsomes (Supersomes; ICM)
containing 1 nmol/mL human cDNA-expressed CYP1A2, CYP2A6, CYP2B6, CYP2CS,
CYP2C9, CYP2C19, CYP2D6, and CYP3A4 or 2 nmol/mL CYP2E1 and CYP3AS5; wild-
type baculovirus-infected ICM (control Supersomes), and pooled human liver microsomes
(pHLM 20 mg microsomal protein/mL, 400 pmol total P450/mg protein). After delivery, the
microsomes were thawed at 37°C, aliquoted, shock-frozen in liquid nitrogen and stored at —
80°C until use. All chemicals were of analytical grade or the highest purity available. Single
MBDB enantiomers were obtained in the authors’ lab through enantioseparation of racemic
MBDB as described below and elsewhere [24]. The derivatization reagent S-
heptafluorobutyrylprolyl chloride (S-HFBPCI) was synthesized in the authors' laboratory

according to [30].

2.2. Isolation of single enantiomers

Racemic MBDB was separated using a Hewlett Packard Series 1050 semi-preparative HPLC
system consisting of a pump and a variable wavelength detector (A = 285 nm) which was
coupled to an Advantec SF 2120 Super Fraction collector. The stationary phase was a Merck
Hibar HPLC ChiraDex column (250 x 10 mm, 5 um). The mobile phase consisted of 85%
mobile phase A (0.1 M ammonium acetate buffer adjusted to pH 7.0 with acetic acid), and
15% mobile phase B (acetonitrile 49.5%, methanol 49.5%, and triethylamine 1%), flow rate 2
mL/min. The HPLC column was constantly tempered at 15°C using a refrigerator.

MBDB was separated in aliquots (250 pL) of an aqueous stock solution (1 mg/mL, 50 mg in
total). The fractions were collected and checked for optical purity by gas chromatography-
mass spectrometry (GC-MS) as described in detail under sample preparation. The respective
enantiomer fractions were adjusted to pH 12 with sodium hydroxide and extracted three times
with ethyl acetate (150 mL). The combined extracts were dried using magnesium sulfate.

Afterwards they were concentrated to a volume of approximately 1 mL under reduced
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pressure. Finally, the amount and purity of the MBDB enantiomers were checked as described

in detail under sample preparation.

2.3. Microsomal incubations

Incubation mixtures (final volume: 50 pL) consisted of 90 mmol/L phosphate buffer (pH 7.4),
Smmol/L. MgCl,, 5 mmol/L isocitrate, 1.2 mmol/L NADP', 0.5U/mL isocitrate
dehydrogenase, 200 U/mL superoxide dismutase and substrate at 37°C. The substrate was
added after dilution of a 25 mmol/L aqueous stock solution in the above-mentioned phosphate
buffer. Reactions were started by addition of ice-cold microsomes and terminated with 5 pL

of 60% (w/w) perchloric acid.

2.4. Initial screening studies

Incubations were performed with 25 pmol/L R,S-MBDB, R-MBDB, or S-MBDB and
50 pmol/mL CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2Cl19, CYP2D6,
CYP2E1, CYP3A4, or CYP3AS5 for 30 min. For incubations with CYP2A6 or CYP2C9,
phosphate buffer was replaced with 45 mmol/L or 90 mmol/L Tris buffer, respectively,
according to the Gentest manual. Furthermore, HLM (0.5 mg/ml) were incubated for 30 min

at a substrate concentration of 10 pmol/L.

2.5. Kinetic studies

Kinetic constants of N-demethylation (expressed as BDB formation) or demethylenation
(expressed as DHMBB formation) were derived from incubations with an incubation time of
1 min for CYP2D6 and 10 min for CYP1A2, 2B6, 2C19, and 3A4 and a P450 concentration
of 50 pmol/mL.

Calculation of enzyme kinetic constants was similar to previously published calculations
[24,31]. Briefly, the Michaelis-Menten equation (equation 1) was used to calculate apparent

K and Vi values for single-enzyme systems. Eadie-Hofstee plots were used to check for

6
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biphasic kinetics. If the Eadie-Hofstee plot indicated biphasic kinetics, eq 1 and the
alternative equation 2 for a two-enzyme model [32] were applied to the respective data. For
equation 2, CLjy» represents the intrinsic clearance or Vyax/Km of the low affinity component
[32]. If equation 2 was found to fit the data significantly better (F test, P < 0.05), biphasic

kinetics were assumed.

_ Vmax X[S]
V= K +[S] (D
Tl CY IO
= K, +[S] int,2 (2)

The relative activity factor (RAF) approach [33-35] was used to account for differences in
functional levels of redox partners between the two enzyme sources. The turnover rates (TR)
of CYP2C19 [probe substrate (PS) S-mephenytoin], CYP2D6 (PS bufuralol), CYP2B6 (PS 7-
ethoxy-4-trifluoromethylcoumarin), CYP1A2 (PS phenacetin), and CYP3A4 (PS
testosterone) in ICM and HLM were taken from the supplier's data sheets. The RAFs were

calculated according to equation 3.

_ TR,z in HLM [pmol/min/mg protein]

enzyme ~

TR, in ICM [pmol/min/mg protein] (3)

The enzyme velocities Venyzme (se€ equation 1) for the respective metabolic reactions were
calculated at different substrate concentrations and were then multiplied with the
corresponding RAF leading to a value, which is defined as 'contribution'. The V.« and the K,

values (equation 1) were obtained from the incubations with cDNA-expressed P450s.

contribution = RAF xV 4)

enzyme enzyme enzyme
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The corrected activities (contributions), the percentages of net clearance by a particular P450
at a certain substrate concentration, can be calculated according to equation 5:

contribution,,,,.,
%] = — x100
Z contribution

clearance

enyzme [
enzyme

2.6. Chemical inhibition studies

The effect of 3 pmol/L quinidine (CYP2D6 inhibitor) on DHMBB formation was assessed in
incubations containing 0.5 mg HLM protein/mL and 1 pmol/L or 5 pmol/L R,S-MBDB, R-
MBDB, or S-MBDB (n=6 each). Control incubations (n=6) contained none of these chemical
inhibitors. Significance of inhibition was tested by one-tailed unpaired t-tests using GraphPad

Prism 3.02 software.

2.7. Sample preparation

After termination, the incubation mixtures were centrifuged and 30 pL of the supernatants
were transferred to 1.5-mL reaction caps and diluted with 200 pL. aqueous carbonate buffer
(35 g/L sodium bicarbonate and 15 g/L sodium carbonate, pH 9) containing the respective
internal standard (IS) racemic BDB-d, and DHBA (0.02 ng/mL, each) and 3% Na,S,0s and
3% EDTA-Na (250 mmol/L each) for preservation of the dihydroxy compounds.
Derivatization was performed according to [22], with slight modifications: after adding 30 uL
derivatization reagent (0.1 mol/L S-HFBPCI in dichloromethane), the reaction vials were
sealed and left on a rotary shaker at ambient temperature for 30 min. After addition of 50 uL
cyclohexane to the reaction vials, they were resealed, and placed on a rotary shaker for 5 min.
After phase separation by centrifugation (10000 g for 1 min), the cyclohexane phase was

transferred to autosampler vials. Aliquots of 3 uLL were injected into the GC-MS.

2.8. Enantioselective GC-NICI-MS quantification
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The samples were analyzed by an Agilent Technologies (AT) 6890 Series GC system
combined with an AT 5973 network mass selective detector, an AT 7683 series injector, and
an AT enhanced Chem Station G1701CA, version C.00.00 21-Dec-1999. For detection of
R,S-BDB and R,S-BDB-d,, the GC conditions were as follows: splitless injection mode;
column, 5% phenyl methyl siloxane (HP-5MS; 30mx 0.25 mm (i.d.); 250 nm film
thickness); injection port temperature, 280°C; carrier gas, helium; flow rate, 1 mL/min;
column temperature, 180°C increased to 218°C at 50°C/min, to 230°C at 4°C/min, and to
325°C at 50°C/min. The negative-ion chemical ionization (NICI)-MS conditions were as
follows: transfer line heater, 280°C; NICI, methane (2 mL/min); source temperature, 150°C;
solvent delay, 3.5 min; selected-ion monitoring (SIM) mode with the following ions: m/z 446
for BDB and 448 for BDB-d,.

For detection of DHMBB and DHBA, the GC and NICI-MS conditions were modified as
follows: column temperature, 180°C increased to 278°C at 50°C/min to 299°C at 2°C/min,
and to 325°C at 50°C/min. Solvent delay, 3.5 min; SIM mode with the following ions: m/z
780 for DHMBB and 430 for DHBA.

BDB and DMBB enantiomers were quantified by comparison of their peak-area ratios
(enantiomers of analyte vs corresponding enantiomer of the IS) to calibration curves in which
the peak-area ratios of enriched calibrators had been plotted vs their concentrations (0.01, 0.5,

5.0, 10 pmol/L) using a weighted (1/x) least-squares linear regression model.

3. Results

3.1. Semi-preparative separation of R,S-MBDB

Fifty mg of racemic MBDB-HCI were separated under the described conditions. As the chiral
HPLC method did not provide a satisfying purity and separation of the enantiomers, the above

described separation and extraction procedure was performed twice. Purity check of the
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isolated enantiomers by GC-MS indicated high optical purities of S-MBDB (97%) and R-

MBDB (98%). The yield was approximately 40% or 10 mg per enantiomer.

3.2. Enantioselective GC-NICI-MS quantification

The mass fragmentograms shown in Fig. 2 demonstrate that the modified GC-MS conditions
applied for analysis of DHMBB and BDB enantiomers provided sufficient separation. The
chosen target ions were selective for the analytes under these conditions as proven with blank
samples (control microsomes without substrate and IS) and zero samples (control microsomes

without substrate, but with IS). The method showed sufficient linearity in a range of 0.01 to

10 pmol/L DHMBB or BDB (r* = 0.98 — 0.99).

3.3. Initial activity screening

N-demethylation of racemic MBDB and its enantiomers was catalyzed by CYP2D6,
CYP2B6, CYP2C19, CYP2El, and CYP3A4. Demethylenation of MBDB and its
enantiomers was catalyzed by CYP1A2, CYP2B6, CYP2C19, CYP2D6, and CYP3A4. After
incubation of HLM at a concentration of 10 pmol/L racemic MBDB, DHMBB (0.15 pg/mL)

and BDB (0.07 pg/mL) were formed indicating DHMBB to be the main metabolite.

3.4. Kinetic studies

The kinetic parameters could not be determined for all P450 capable of catalyzing the
monitored metabolic reactions, because the activity of CYP2D6, CYP2E1 and CYP3A4 with
respect to the N-demethylation was too low. The same was true for CYP2C19 catalyzed
demethylenation of R-MBDB in racemic MBDB. The K,,, and V,.x values for the other P450s
are listed in Table 1. The data for CYP2B6, and CYP2C19 (N-demethylation) and CYP1A2,
CYP2D6, CYP2C19, and CYP2B6, and CYP3A4 for R-MBDB (demethylenation) followed
the expected classical hyperbolic Michaelis-Menten kinetics as shown in Fig. 3 A-D. In

contrast, the Eadie-Hofstee plots (Fig. 6) of CYP2B6 for S-MBDB and CYP3A4 for racemic
10
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MBDB and S-MBDB (demethylenation) clearly indicated biphasic kinetics, which was
statistically confirmed (F-test, p<0.05). Hence, the respective kinetic parameters were
estimated by fitting the data into equation 2 for a biphasic kinetic. The second enzyme
component is represented by CLjy 2> % [S]. The corresponding Vmax1/Kmi values are presented
in Table 2. Fig. 4 shows plots of the percentages of net clearance as calculated from the RAF-
corrected kinetic data versus substrate concentrations up to 10 umol/L. The data for total
metabolite formation of S-MBDB, racemic MBDB, and R-MBDB are shown in panels A-C,
respectively. At low substrate concentrations (I pmol/L), MBDB biotransformation is
predominantly catalyzed by CYP2D6 with percentages of net clearance of 98% in the case of
S-MBDB to 80% in the case of R-MBDB. Whereas, monitoring only the N-demethylation,
CYP2B6 is the most important isozyme with a contribution of approximately 90%. At high
substrate concentrations (up to 10 pmol/L), the relevance of CYP2D6 in total
biotransformation decreases and the other isozymes become increasingly important, namely
CYP3A4 in the case of S-MBDB, CYP2B6 in the case of racemic MBDB and CYP1A2/2B6
in the case of R-MBDB.

Marked enantioselectivity (Km-mpmayKmes-mMpma) > 1.5 or < 0.5) was observed for CYP2C19,
CYP2D6, and CYP3A4 for demethylenation. N-Demethylation seems not to be
enantioselective in the case of MBDB, whereas incubating racemic MBDB, maximum
turnover rate (Vmax, CYP2C19) of S-MBDB is nearly four times higher than Vi« of R-

MBDB.

3.5. Chemical inhibition studies

To confirm the role of CYP2D6 in the most important step in MBDB metabolism which leads
to the potentially toxic metabolite DHMBB, inhibition experiments were performed using
pHLM, with the chemical inhibitor quinidine at a concentration according to the literature
[36]. These experiments were performed at a substrate concentration representing

concentrations expected in recreational users, namely 5 pumol/L to account for the

11
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concentration dependence of the involvement of individual P450s in MBDB demethylenation.

The results of the experiments with the chemical inhibitor quinidine are presented in Fig. 5.

4. Discussion

Since only one study [17] is available using inhibition studies in pHLM to investigate the
CYP-dependent metabolism of at least racemic MDMA, indicating CYP2D6, CYP3A4, and
CYPIA2 being involved, this work does not account for the chirality of MBDB and the
different in vivo metabolism of the two enantiomers. Furthermore, not all relevant P450
isoforms were considered due to a lack of specific inhibitors. The study presented here is the
first providing enantioselective enzyme kinetic data of N-demethylation and demethylenation
of MBDB by the ten recombinant P450s, which are the most relevant in human drug
metabolism. Among these enzymes was CYP2C19 which is known to be one of the five most
abundant P450s involved in xenobiotic metabolism [37], which had so far not been
considered in studies on MBDB metabolism.

The experiments were performed with racemic MBDB as present in clandestine tablets as
well as single MBDB enantiomers to check whether certain P450s specifically metabolize
certain enantiomers and whether the enantiomers influence each others” metabolism.

Various buffers and buffer concentrations as well as organic modifiers were tested for semi-
preparative isolation of the single enantiomers for these experiments. The best result in
enantiomer separation was achieved with the mobile phase composition described in the
Materials and Methods section but the phosphate buffer turned out to be problematic in the
following isolation of the enantiomers. The final products were obtained in solution and
quantified according to a modified previously published method for MDMA/MDEA
enantiomers [22]. Despite rather low recoveries (~ 40% per enantiomer), the isolated amounts

were sufficient for further kinetic studies.

12
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The described quantification method according to [22] was modified to be applicable for the
presented kinetic studies. It is based on the derivatization of analyte enantiomers to
diastereomers using an optically pure derivatization reagent. The diastereomeric derivatives
can then be separated on an achiral GC column. In the present study, the amount of
derivatization reagent had to be increased to achieve a reliable and reproducible (triple)
derivatization of the DHMBB enantiomers. In addition, the oven temperature program, the
run-time and the ions monitored in SIM had to be modified to allow separation and detection
of BDB and the triple derivatives of the dihydroxy compounds, DHMBB and DHBA (Fig. 2).

According to the supplier's advice, the incubation conditions chosen in the initial screening
experiment are applicable for checking the general involvement of particular P450 enzymes.
Because of the very low activity of CYP2D6, CYP2E1 and CYP3A4 with respect to the V-
demethylation and the CYP2C19 catalyzed demethylenation of R-MBDB in racemic MBDB
only the other P450s which had shown activity in the initial screening could be characterized
with respect to their kinetic profiles. Resulting curves are presented in Fig. 3 A-D. Duration
and protein content of all incubations in these studies were within the linear range of
metabolite formation (data not shown). Less than 20% of substrate was metabolized in all
incubations with exception of the lowest substrate concentrations. K;;, and V¢ values of the
isozymes are presented in Table 1. Fig. 4 shows plots of the percentages of net clearance as
calculated from the RAF corrected kinetic data versus substrate concentrations up to 10
umol/L. The data for total metabolite formation after incubation of S-MBDB, racemic MBDB
and R-MBDB are shown in panels A-C, respectively.

As already discussed for MDMA in our previous paper [24], there are inherent differences in
the K;, and V.« values of the single enantiomer kinetics vs. the values of racemic MBDB in
incubations with racemic MBDB. R- and S-MBDB are competitors for the limited number of
active sites in the incubation mixture. Each binding site can only transform one molecule at a
time, either R-MBDB or S-MBDB. Hence, at saturation, approximately half of the active sites

are busy transforming R-MBDB while the other half is busy transforming S-MBDB. In
13
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incubations of single enantiomers, however, all active sites are available for one enantiomer.
This explains the higher V. values of the single enantiomer kinetics. The differences of the
K, values can be explained in the same way. This coherence is considerably distinctive in the
case of CYP2C19. Determination of kinetic data after incubation of racemic MBDB for R-
MBDB is not possible because only a very small amount of R-DHMBB is formed throughout
this enzymatic reaction resulting from a much higher affinity of S-MBDB for CYP2C19.
CYP2D6 turned out to be the isozyme with the highest affinity towards racemic MBDB and
its enantiomers (Table 2). In addition, there is a generally higher affinity towards S-MBDB
than R-MBDB concerning all involved isozymes. The obvious difference in the K., values of
racemic MBDB and the respective enantiomers might be caused by interactions of R- and S-
MBDB in incubations of the racemate.

Common methods of calculating the net clearance are based on the assumption that substrate
concentrations are lower than 10% of K,,, of the respective isozymes [34,38]. As described in
one of our previous publication [24] this calculation is critical if the isozymes involved in the
metabolic reaction have a very low K, value which is considerably below expected plasma
concentrations. In the present study, K,, values of <1 pmol/L were found for MBDB
demethylenation by CYP2D6. These were below expected plasma concentrations of MBDB,
which should usually be in the range of 1-5 umol/L (207-1035 pg/L), as MBDB is consumed
in the same or slightly higher dosage than MDMA, but can reach 6 pmol/L and higher in
severe intoxications [39,40]. In the present study, we chose to calculate the percentages of net
clearance for substrate concentrations ranging from 1 to 10 pmol/L (Fig. 4) to model the
involvement of the studied P450s over the relevant concentration range. At low substrate
concentrations (1 pmol/L), MBDB biotransformation was predominantly catalyzed by
CYP2D6 (from 98 to 80%). Whereas, monitoring only the N-demethylation, CYP2B6 is
clearly the most abundant isoform. Also, at high substrate concentrations (up to 10 umol/L),

the relevance of CYP2D6 in total biotransformation decreased and the other isozymes became
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increasingly important, namely CYP3A4 in the case of S-MBDB, CYP2B6 in the case of
racemic MBDB and CYP1A2/2B6 in the case of R-MBDB.

To take a look at the inhibition studies, the demethylenation was inhibited significantly by
quinidine at a substrate concentration of 5 pmol/L (Fig. 5). This is in line with the calculated
percentages of net clearance as shown in Fig. 4.

This importance of CYP2D6 is critical from the toxicological point of view, because this
isozymes can be inhibited by quite a number of different xenobiotics, e.g. MDMA which is
known to be a mechanism-based inhibitor of this isozyme [41]. This means that in case of co-
ingestion, the metabolism of MBDB might be considerably reduced. Moreover, due to
structural and metabolic similarities between MBDB and MDMA, MBDB should also be a
mechanism based inhibitor of CYP2D6 what additionally increases the risk of any kind of co-
ingestion, but this has to be proven experimentally.

Marked enantioselectivity (Kmz-mpmayKmes-mMpma) > 1.5 or < 0.5) was observed for CYP2C19,
CYP2D6, and CYP3A4 for demethylenation. N-Demethylation seems not to be
enantioselective in the case of MBDB, whereas incubating racemic MBDB, maximum
turnover rate (Vmax, CYP2C19) for S-MBDB is nearly four times higher than for the R-form.
CYP2C19 showed the largest extent of enantioselectivity for demethylenation with a more
than 30 fold higher affinity for the S-enantiomer. CYP2D6, CYP2B6, and CYP3A4 also
showed marked enantioselectivity, with a 6, 3, and 2 fold higher affinity for the S-form of
MBDB, respectively. Considering these findings along with the fact that demethylenation is
the major metabolic step of MBDB metabolism in vivo, the different pharmacokinetic
properties of the MBDB enantiomers are therefore most likely attributable to enantioselective
demethylenation by different CYP isoforms. CYP2D6 should be most important in this
context, because it accounts for more than two thirds of net clearance even at high substrate
concentrations as compared to a maximum of 20% for CYP3A4. This must be considered
when trying to estimate the time of ingestion from enantiomer ratios in plasma as proposed

for e.g. MDMA [18,21], because the time course of such ratios may be considerably different
15
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in CYP2D6 poor metabolizers or in case of inhibition of CYP2D6 by MDMA or other co-
ingested drugs. In addition, it must be considered that correlation of the presented in vitro data
with the in vivo situation is not straightforward, because in vivo DHMBB is further
metabolized by O-methylation and/or glucuronidation/sulfation. Enantioselectivity of these
phase II reactions might of course also influence the enantiomer ratios in plasma samples,
especially those of DHMBB, but this has also to be proven experimentally.

Comparing the above mentioned findings with results previously published for MDMA [24],
CYP2C19 seems to by critical for the enantioselective in vitro and in vivo metabolism of the
presented methylenedioxy compounds available as secondary amines. A larger substituent
next to the amine as in the case of MBDB seems to increase the affinity of the isoforms,
especially CYP2C19, towards the S-enantiomer as one can see by the fact that the R-
enantiomer of MBDB in racemic mixture is metabolized only in a very small amount.
Furthermore, P450 isoforms seems to be, at least in part, responsible for the observed

enantioselective in vivo metabolism of the ring substituted amphetamines.
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Legends to the Figures

Fig. 1. - The two main metabolic steps of R- and S-MBDB leading to the formation of the
corresponding enantiomers of 1,2-dihydroxy-4-[2-(methylamino)butyl]benzene (DHMBB)

and 3,4-methylenedioxybutanamin (BDB).

Fig. 2. - Typical mass fragmentograms of ions m/z 430 for DHBA and m/z 780 for DHMBB
of an incubation mixture (CYP2C19) of racemic MBDB (A), R-MBDB (B), and S-MBDB (C)

after derivatization.

Fig. 3. - Michaelis-Menten plots for BDB (left) and DHMBB (right) formation catalyzed by
CYP2B6 (3A) and CYP2C19 (3B) and Michaelis-Menten plots for DHMBB formation
catalyzed by CYP2D6 (3C left), CYP1A2 (3C right), and CYP3A4 (3D). Data points
represent means and ranges (error bars) of duplicate measurements. The solid curves represent
formation of R-BDB/R-DHMBB from racemic MBDB (upper part) and R-MBDB (lower
part). The broken curves represent formation of S-BDB/S-DHMBB from racemic MBDB

(upper part) and S-MBDB (lower part).

Fig. 4. - Plots of calculated total net clearance (%) vs. substrate concentration for the N-

demethylation plus demethylenation.

Fig. 5. - Effect of the chemical inhibitor quinidine (closed column), 3 pmol/L (CYP2D6) on
demethylenation in incubation mixtures containing 5 pmol/L of RS-, R- or S-MBDB.
Metabolite formation of the control incubations (open column) was set to 100%. Each bar

represents the mean of six incubations * standard error of the mean. (***p<0.005).
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Fig. 6. — Eadie-Hofstee plots of CYP2B6 for S-MBDB and CYP3A4 for racemic MBDB and

S-MBDB (demethylenation) indicating biphasic kinetics.
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Table 1

Kinetic Data for the Two Main Metabolic Steps of MBDB

BDB formation DHMBB formation
Vmax Km Vmax Km
R,S-MBDB CYP not not
0.6+0.1 68+11
1A2 determined | determined
CYP
3.6+0.13 114+ 19 30+0.2 124 + 13
2B6
CYP
09+0.2 79 + 13 22+0.1 100+ 6
2C19
CYP not not
12 +£0.09 1.0+0.02
2D6 determined | determined
CYP not not
0.8 *+0.2 85 * £ 23
3A4 determined | determined
R-MBDB CYP not not
0.2 +0.01 33+ 6.1
(racemic 1A2 determined | determined
MBDB) CYP
23+0.2 61 +15 1.6+0.09 62+ 10
2B6
CYP not not
0.2+0.03 41+ 17
2C19 determined | determined
CYP not not
5.0+0.1 0.5+0.06
2D6 determined | determined
CYP not not
0.7*+0.2 83 * £ 28
3A4 determined | determined
S-MBDB CYP not not
_ _ 0.4+0.02 31+49
(racemic 1A2 determined | determined
MBDB) CYP
1.6 £0.04 82+54 2.0+0.1 133 +21
2B6
CYP
0.7+0.04 51+9.0 1.7+0.08 37+ 6.0
2C19
CYP not not
6.8+0.1 0.6+0.05
2D6 determined | determined
CYP not not
0.8 *+0.2 84 * £ 23
3A4 determined | determined
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R-MBDB

CYP

not

not

‘ ‘ 0.5+0.02 121 £ 15
(single 1A2 determined | determined
enantiomer) CYP
2.5+0.06 138+ 10 33+0.09 83+8.0
2B6
CYP
0.2+0.01 46+ 6.0 1.0+ 0.03 85+9.0
2C19
CYP not not
11+0.2 224+0.2
2D6 determined | determined
CYP not not
‘ ‘ 0.7+0.02 88+9
3A4 determined | determined
S-MBDB CYP not not
0.6+0.02 131 £ 16
(single 1A2 determined | determined
enantiomer) CYP
0.7+0.03 119+ 16 0.2 *+0.07 56 *+ 14
2B6
CYP
0.3+0.02 73+ 18 0.6+0.02 2.6+0.02
2C19
CYP not not
63+0.1 0.4+0.05
2D6 determined | determined
CYP not not
) ) 04*+0.06 | 28*+8.0
3A4 determined | determined

* Vmaxl and Kml

units are: Vi, pmol/min/pmol; Ky, pmol/L
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Figure 3A
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Figure 3B
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Figure 3C
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Figure 3D
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Figure 4
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Figure 6
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