
Toxicology Letters 183 (2008) 52–57

Contents lists available at ScienceDirect

Toxicology Letters

journa l homepage: www.e lsev ier .com/ locate / tox le t

2,5-Dimethoxyamphetamine-derived designer drugs: Studies on the
identification of cytochrome P450 (CYP) isoenzymes involved in formation of
their main metabolites and on their capability to inhibit CYP2D6

Andreas H. Ewald, Hans H. Maurer ∗

Department of Experimental and Clinical Toxicology, Institute of Experimental and Clinical Pharmacology and Toxicology, Saarland University,
Kirrberger Strasse 1, D-66421 Homburg (Saar), Germany

a r t i c l e i n f o

Article history:
Received 5 August 2008
Received in revised form
17 September 2008
Accepted 22 September 2008
Available online 30 September 2008

Keywords:
Inhibition
Ki

Cytochrome P450
CYP2D6
Designer drugs

a b s t r a c t

The designer drugs 4-methyl-2,5-dimethoxy-amphetamine (DOM), 4-iodo-2,5-dimethoxy-amphetamine
(DOI), 4-chloro-2,5-dimethoxy-amphetamine (DOC), 4-bromo-2,5-dimethoxy-amphetamine (DOB), 4-
bromo-2,5-dimethoxy-methamphetamine (MDOB), and 2,4,5-trimethoxy-amphetamine (TMA-2) are
potent serotonin 5HT2 receptor agonists and have appeared on the illicit drug market. These drugs are
mainly metabolized by O-demethylation or in case of DOM by hydroxylation of the methyl moiety. In an
initial activity screening using microsomes of insect cells heterologously expressing human CYPs, CYP2D6
was found to be the only CYP isoenzyme involved in the above-mentioned main metabolic steps whereas
the amounts of metabolites formed were very small. As inhibition of CYP2D6 by other amphetamines had
been described, the inhibitory effects of the 2,5-dimethoxyamphetamine derivatives were studied using
insect cell microsomes with heterologously expressed human CYP2D6 and pooled human liver micro-
somes (HLM) as enzyme sources and dextromethorphan O-demethylation as probe reaction. All studied
drugs were observed to be non-mechanism-based competitive inhibitors of CYP2D6 with inhibition con-
stants (Ki) from 7.1 to 296 �M using recombinant CYP2D6 and 2.7–19.9 �M using HLM. For comparison,

the Ki values for quinidine and fluoxetine were 0.0092 and 8.2 �M using recombinant CYP2D6 and 0.019
and 0.93 �M using HLM. As the Ki values of the drugs were much higher than that of quinidine and, with
the exception of DOI, higher than that of fluoxetine, interactions with other CYP2D6 substrates are possible
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but rather unlikely.

. Introduction

The designer drugs 4-methyl-2,5-dimethoxy-amphetamine
DOM), 4-iodo-2,5-dimethoxy-amphetamine (DOI), 4-chloro-
,5-dimethoxy-amphetamine (DOC), 4-bromo-2,5-dimethoxy-
mphetamine (DOB), 4-bromo-2,5-dimethoxy-methamphetamine
MDOB), and 2,4,5-trimethoxy-amphetamine (TMA-2) are upcom-
ng substances on the illicit drug market (European Monitoring
entre for Drugs and Drug Addiction (EMCDDA), 2003; Balikova,
005; DEAOFS, 2006a,b). These drugs are serotonin 5HT2 receptor
gonists and have psychoactive properties (Shulgin, 1991). Studies

n structure–activity relationship revealed that the hallucinogen-
ike activity can be attributed to the primary amine function
eparated from the phenyl ring by two carbon atoms, the pres-
nce of methoxy groups in position 2 and 5, and a hydrophobic
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E-mail address: hans.maurer@uniklinikum-saarland.de (H.H. Maurer).

C
2
fi
t
c
2
i
t

378-4274/$ – see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.toxlet.2008.09.014
© 2008 Elsevier Ireland Ltd. All rights reserved.

-substituent, especially a halogen atom (Monte et al., 1996;
euvonen et al., 2006). The methyl moiety in �-position to the
itrogen is reported to be responsible for increased in vivo potency
nd duration of action compared to �-phenethylamines, so-called
Cs (Monte et al., 1996). Several metabolism studies showed that
he studied drugs were mainly metabolized by O-demethylation
r in case of DOM by hydroxylation of the 4-methyl moiety
Ewald et al., 2006a,b, 2007, 2008a,b; Balikova, 2005; Ho et
l., 1971). Involvement of the different cytochrome P450 (CYP)
soenzymes in DOM hydroxylation has been published recently,
ut so far no information is available concerning involvement of
YP isoenzymes for the main metabolic steps of the other studied
,5-dimethoxy-amphetamines. However, such studies are the
rst step for predicting possible risks of pharmacokinetic varia-

ions caused by pharmacogenetic variability or interactions with
o-administered drugs or food ingredients (Evans and McLeod,
003; Krishnan and Moncrief, 2007). If more than one isoenzyme

s involved, their kinetics must be studied to assess their con-
ribution to the hepatic clearance of the drugs. This is routinely

http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:hans.maurer@uniklinikum-saarland.de
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erformed for substances intended for therapeutic use before
egistration, but not for drugs of the illicit market. In addition,
nteractions with other drugs or food ingredients are possible by
nhibitory effects on metabolizing enzymes such as described for
elated amphetamine analogs on CYP2D6. Although the studied
rugs are not methylenedioxy amphetamine derivatives which are
nown to be mechanism-based inhibitors, the mode of inhibition
hould be studied. Therefore, the aim of the presented study
as to investigate the involvement of relevant CYP isoenzymes
n the main metabolic steps of the 2,5-dimethoxyamphetamine
erivatives as described for DOM (Ewald et al., 2008b), as well as
he possible inhibitory effects on recombinant CYP2D6 and pooled
uman liver microsomes (HLM) in comparison to the clinically
elevant CYP2D6 inhibitors quinidine and fluoxetine.

. Materials and methods

.1. Chemicals and reagents

DOM was provided by the Bundeskriminalamt (Wiesbaden, Germany), DOI,
OB, and TMA-2 were provided by the Hessisches Landeskriminalamt (Wiesbaden,
ermany), DOC by cc chemical consulting (Berlin, Germany), and MDOB by the
andeskriminalamt Berlin (Berlin, Germany) for research purposes. Dextromethor-
han (DXM) was obtained from Roche (Grenzach, Germany), dextrorphan (DXO)
rom MP Biochemicals (Heidelberg, Germany), isocitrate and isocitrate dehydro-
enase from Sigma (Taufkirchen, Germany), 3,4-methylenedioxy-metamphetamine
MDMA) from Lipomed (Bad Säckingen, Germany), and NADP+ from Biomol (Ham-
urg, Germany). All other chemicals and biochemicals used were obtained from
erck (Darmstadt, Germany) and were of analytical grade. The HLM (20 mg/mL pro-

ein content) and baculovirus-infected insect cell microsomes containing 1 nmol/mL
uman cDNA-expressed CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
YP2D6, CYP3A4, and 2 nmol/mL of CYP2E1 (Supersomes®) were from Gentest and
elivered by NatuTec (Frankfurt/Main, Germany). Upon delivery, the microsomes
ere thawed at 37 ◦C, aliquoted, shock-frozen in liquid nitrogen and stored at −80 ◦C
ntil use.

.2. Microsomal incubations and workup for initial activity screening

Incubation mixtures (final volume: 50 �L, n = 2) consisted of 90 mM phos-
hate buffer (pH 7.4; for CYP1A2, CYP2B6, CYP2C8, CYP2C19, CYP2D6, CYP2E1, and
YP3A4) or Tris buffer (pH 7.4; for CYP2A6 and CYP2C9), 5 mM Mg2+, 5 mM isocitrate,
.2 mM NADP+, 0.5 U/mL isocitrate dehydrogenase, 200 U/mL superoxide dismutase
nd substrate at 37 ◦C. The substrates were added after dilution of 250 mM methano-
ic stock solutions in respective buffer (final concentration: 250 �M). In none of
he samples, the methanol concentration exceeded 0.4%. Reactions were started
y adding the ice-cold microsomes (final concentration: 50 pmol/mL) and termi-
ated with 5 �L of 60% (w/w) aqueous HClO4 after 30 min incubation time. After
ermination, the samples were extracted by liquid–liquid extraction with 1 mL of
ichloromethane–isopropanol–ethyl acetate (1:1:3; v/v/v) at pH 8–9. The organic

ayer was transferred into glass flasks and evaporated under reduced pressure at
0 ◦C to dryness, acetylated with 20 �L of an acetic anhydride–pyridine mixture (3:2;
/v) for 2 min under microwave irradiation at about 440 W. After evaporation of the
erivatization mixture under reduced pressure at 70 ◦C, the residue was dissolved in
0 �L of methanol and 2 �L were injected into the gas chromatography–mass spec-
rometry (GC–MS) system. Previous metabolism studies revealed good suitability of
his analytical procedure for identification of the respective main metabolites and
ossible other metabolites (Ewald et al., 2006a,b, 2007, 2008a,b).

.3. Microsomal incubations for inhibition studies

Incubation mixtures (final volume: 50 �L, n = 2) consisted of 90 mM phosphate
uffer (pH 7.4), 5 mM Mg2+, 5 mM isocitrate, 1.2 mM NADP+, 0.5 U/mL isocitrate
ehydrogenase, 200 U/mL superoxide dismutase and substrate DXM (final concen-
ration: 0.5, 1, 2, 5, 10, 20, 50, 150, 500, 1000, or 1500 �M) in presence or absence
f the potential inhibitor (DOM, DOI, DOC, DOB, MDOB or TMA-2, respectively, final
oncentration: 25, 125, or 250 �M) or the well-known inhibitor MDMA, fluoxetine or
uinidine, respectively (final concentration: 25, 125, or 250 �M for MDMA and fluox-
tine and 0.025, 0.125, or 0.250 �M for quinidine) at 37 ◦C for 10 min. The substrate
nd the corresponding inhibitor were added after dilution of 250 mM methano-
ic stock solutions in buffer. In none of the samples, the methanol concentration

xceeded 0.4%. Reactions were started by adding the ice-cold microsomes and ter-
inated with 50 �L of acetonitrile. Also preincubation studies were performed in a

imilar manner as described above with the difference that the reaction was started
ith DXM (final concentration: 25 or 250 �M) in fresh incubation mixture resulting

n a 1:1 dilution after 10, 20 or 30 min preincubation of the mixture with or without
he respective inhibitor. After termination, 5 �L of a 25-�M codeine solution were
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dded as internal standard. The samples were centrifuged and the supernatants were
ransferred to autosampler vials and analyzed using liquid chromatography–mass
pectrometry (LC–MS).

.4. Gas chromatography–mass spectrometry

DOM, DOI, DOC, DOB, MDOB, and TMA-2 and their metabolites were analyzed
n derivatized extracts (for details see refs. (Ewald et al., 2006a,b, 2007, 2008a,b)
sing a Hewlett Packard (Agilent, Waldbronn, Germany) 5890 Series II gas chro-
atograph combined with an HP 5989B MS Engine mass spectrometer and an HP
S ChemStation (DOS series) with HP G1034C software. The GC conditions were as

ollows: splitless injection mode; column, HP-1 capillary (12 m × 0.2 mm ID), cross
inked methyl silicone, 330 nm film thickness; injection port temperature, 280 ◦C;
arrier gas, helium; flow-rate 1 mL/min; column temperature, programmed from
00 to 310 ◦C at 30 ◦/min, initial time 3 min, final time 8 min. The MS conditions
ere as follows: full scan mode, m/z 50–550 �M; EI mode: ionization energy, 70 eV;

on source temperature, 220 ◦C; capillary direct interface heated at 260 ◦C.

.5. Liquid chromatography–mass spectrometry

LC–MS was used for sensitive quantitation without extraction and derivatization
teps. DXM, DXO, the designer drugs, and the internal standard codeine were sep-
rated and quantified using an Agilent Technologies (AT, Waldbronn, Germany) AT
100 series atmospheric pressure chemical ionization (APCI) electrospray LC–MSD,
L version and an LC–MSD ChemStation using the A.08.03 software.

.5.1. LC conditions
Isocratic elution was achieved on an Alltech mixed mode RP-C18/cation column

150 mm × 4.6 mm, 5 �m, Rottenburg-Hailfingen, Germany) and a Wicom cation
ptiguard column (Heppenheim, Germany). The mobile phase consisted of ammo-
ium formate (50 mM, adjusted to pH 3.5 with formic acid, eluent A) and acetonitrile
eluent B). The mixture of the mobile phase consisted of 45% eluent A and 55% eluent
. The flow rate was 1.0 mL/min and the injection volume was 5 �L.

.5.2. Electrospray conditions
The following APCI inlet conditions were applied: drying gas (7000 mL/min,

00 ◦C) and nebulizer pressure (25 psi; 172.3 kPa, both nitrogen); capillary volt-
ge, 4000 V; drying gas temperature set at 300 ◦C, vaporizer temperature set at
00 ◦C; corona current was 5.0 �A; positive selected-ion monitoring (SIM) mode;
ragmentor voltage 100 V.

.5.3. MS conditions
For quantification, the following target ions (m/z) were used in the SIM mode:

/z 258 for DXO and m/z 300 for the internal standard codeine.

.6. Inhibition studies

Duration and protein content for all incubations were in the linear range
f metabolite formation (data not shown). The kinetic constants of DXM O-
emethylation were derived from incubations (n = 2) with the following DXM
oncentrations, protein concentration and incubation time: 0.5, 1, 2, 5, 10, 20,
0, 150, 500, 1000, and 1500 �M DXM with 20 pmol/mL CYP2D6 or 0.8 mg/mL
LM for 10 min. Less than 20% of substrate was metabolized in all incubations.
ichaelis–Menten constant (Km) and maximum velocity (Vmax) values for CYP2D6
ere estimated by nonlinear regression according to the Michaelis–Menten equa-

ion using GraphPad Prism (San Diego, CA, USA) software, where V is the velocity at
he substrate concentration [s]:

= Vmax[s]
Km + [s]

(1)

To determine the inhibition mode of DOM, DOI, DOC, DOB, MDOB, and TMA-2,
ncubations were performed as mentioned above whereas parts of the phosphate
uffer were replaced by solutions of inhibitors in phosphate buffer resulting in three
ifferent inhibitor concentrations ([i] = 250, 125 and 25 �M, each). The inhibition
onstants were calculated using apparent Michaelis–Menten constants (Km, app) of
XM and the following rearranged equation from Kakkar et al. (1999):

i = Km[i]
Km,app − Km

(2)

For determination of the inhibition constant of quinidine and fluoxetine phos-
hate buffer was replaced by the inhibitor leading to an inhibitor concentration of
.025 and 125 �M, respectively.
. Results

Among the nine CYP isoenzymes tested, only CYP2D6 was
nvolved in the O-demethylation of DOI, DOC, DOB, MDOB, and
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ig. 1. Chemical structures of 2,5-dimethoxyamphetamine designer drugs acting as
nhibitors of the specific CYP2D6 reaction DXM to DXO.

MA-2. Only very small amounts of O-demethyl metabolites were
ormed and no further metabolites could be detected.

The reaction used for determination of the inhibition constants
as the O-demethylation of the specific CYP2D6 substrate DXM to
XO in absence or presence of the inhibitors as shown in Fig. 1.
he mass fragmentograms in Fig. 2 show that the applied LC–MS
onditions provided sufficient separation of DXM, DXO, DOI, and
odeine (IS). The other tested inhibitors were also separated from
he analytes (data not shown). Matrix effect studies comparing the
eak areas of DXO in neat standard solutions with those in spiked

ncubation mixtures containing the same concentrations of DXO
ave no indication of ion suppression or enhancement for any of
he compounds tested. The chosen target ions were selective for
he analytes under these conditions as proven with blank samples
control microsomes without substrate and IS) and zero sam-
les (control microsomes without substrate, but with IS; data not
hown). DXM O-demethylation by CYP2D6 showed a typical hyper-
olic metabolite formation profile, as shown in Fig. 3. The kinetic
arameters for DXM O-demethylation were estimated to be 1.7 and
.1 �M for Km and 7.5 pmol/(min pmol) and 6.3 pmol/(min mg) for
max in recombinant CYP2D6 (upper part) and HLM (lower part),
espectively.

Fig. 4 shows Michaelis–Menten plots and the calculated corre-
ponding apparent Km values of the formation of DXO in presence
f three different concentrations of DOI. Fig. 5 shows secondary
lots of these three incubations with different concentrations of
OI and DXM according to Cornish-Bowden (1974). An intersec-

ion point of the three extrapolated lines in the upper plot (Dixon
lot) and parallel lines in the lower plot revealed a competitive
ode of inhibition. Competitive inhibition was also observed for
he other tested drugs (data not shown). Fig. 6 shows plots of DXO
ormation against preincubation time in presence or absence of
OI. No differences in DXO formation depending on preincuba-

ion time could be observed also for the other tested drugs (data
ot shown). Fig. 7 shows plots of three different concentrations

z
C
t

Fig. 2. Typical LC–MS mass fragmentograms of a supernatant of an incubation mi
ig. 3. Michaelis–Menten plot for O-demethylation of DXM by recombinant CYP2D6
upper part) and HLM (lower part). The curves were fitted by nonlinear regression
ccording to Eq. (1).

f each inhibitor against DXO formation with and without 10 min
f preincubation. For positive control of mechanism-based inhi-
ition MDMA and for negative control quinidine were used as

nhibitors. No mechanism-based inhibition could be observed after
reincubation with DOM, DOI, DOC, DOB, MDOB, and TMA-2. For
alculation of the inhibition constants, Eq. (2) and the apparent
m values obtained from the incubations with the three different

nhibitor concentrations (Fig. 4) were used. Calculated Ki values
sing recombinant CYP2D6 and HLM are listed in Table 1. For com-
arison with clinically relevant CYP2D6 inhibitors, the inhibition
onstants of quinidine and fluoxetine were also determined using
he same incubation model. The Ki values of quinidine and flu-
xetine using recombinant CYP2D6 were 0.005 and 0.014 �M and
.4 and 10 �M, respectively, and 0.014 and 0.024 �M and 0.6 and
.2 �M, respectively, using HLM.

. Discussion
One aim of the presented study was to identify the CYP isoen-
ymes involved in the main metabolic steps of the tested drugs.
YP2D6 was the only CYP catalyzing the O-demethylation of the
ested drugs. However, even with the high protein concentrations

xture containing DXM, DXO, DOI, and codeine (m/z 272, 258, 322, and 300).
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Fig. 5. Dixon plots (upper part) and other secondary plots of incubations with three
different DOI concentrations for determination of the inhibition mode of DOI.
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ig. 4. Michaelis–Menten plots for O-demethylation of DXM by CYP2D6 in presence
f three different concentrations of DOI for determination of apparent Km.

nd long incubation times of the initial activity screening study,
nly very small amounts of O-demethyl metabolites were formed
nd no further metabolites could be detected. Hence, studies on

nzyme kinetics were not possible. The differences in turnover
ate compared to previous in vivo studies in rats (Ewald et al.,
006a,b, 2007, 2008a,b) may be caused by different exposure time
f the drugs to the enzyme, the different amounts of enzyme
n whole animal compared to in vitro incubations and the pos- Fig. 6. DXO formation against preincubation time in presence or absence of DOI.

able 1
inetic parameters for the inhibition of the formation of DXO from DXM by the designer drugs DOM, DOI, DOC, DOB, MDOB, TMA-2, and by the known CYP2D6 inhibitors
uinidine and fluoxetine calculated using Eq. (2) (n = 2).

Recombinant CYP2D6 HLM

Ki (�M) Vmax (pmol/(min pmol)) Ki (�M) Vmax (pmol/(min mg protein) (HLM)

OI 4.0; 10 5.3; 8.7 2.0; 3.4 7.7; 8.5
DOB 10; 13 5.7; 9.3 4.5; 10 4.9; 5.5
OC 23; 31 5.5; 6.7 6.8; 12 5.2; 5.8
OB 36; 58 5.2; 8.6 7.2; 23 7.8; 9.0
OM 50; 140 5.9; 8.1 5.0; 7.6 6.1; 6.5
MA-2 238; 354 6.1; 7.9 16; 24 6.1; 6.7

uinidine 0.005; 0.014 6.2; 6.6 0.014; 0.024 5.5; 5.9
luoxetine 6.4; 10 5.8; 6.6 0.6; 1.2 4.5; 4.9
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Fig. 7. DXO formation in absence and presence of the given inhibitors at th

ibility of conjugation (phase II metabolism) in whole animals.
urthermore, interspecies differences in metabolic properties are
possible source of the different metabolite formation observed
ere.

The CYP2D6 specific DXM O-demethylation was chosen as
arker reaction in the inhibition studies. The kinetic parameters

f this reaction without inhibitor were similar to those reported
y Walsky and Obach (2004). The inhibition constants of quinidine

nd fluoxetine determined in this study were in a similar range as
escribed in the literature (Shen et al., 2007; Otton et al., 1993).

In accordance with other amphetamine derivatives (Wu et
l., 1997; Pritzker et al., 2002), the tested 2,5-dimethoxy-
mphetamines were found to be competitive inhibitors of CYP2D6.

l
i

D
u

ncentrations, each, after 10 min preincubation and without preincubation.

reincubation studies revealed that none of the tested drugs
howed mechanism-based inhibition. This is in contrast to
ethylenedioxy amphetamine derivatives such as MDMA (Heydari

t al., 2004; de la Torre et al., 2005; Yang et al., 2006; Ramamoorthy
t al., 2002; Tucker et al., 1994), which inactivate CYPs, quasi-
rreversibly, after oxidation of the methylene bridge to species that
orm a tight, but reversible complex with the heme iron atom
Correia and Ortiz-de-Montellano, 2005). Most probable due to the

ack of such a bridge, the 2,5-dimethoxyamphetamine derivatives
nhibit CYP2D6 in a different way.

The Ki values determined using HLM are generally lower, for
OM and TMA-2 more than ten times, than those determined
sing recombinant CYP2D6. Walsky and Obach (2004) described
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imilar differences for Km values, but they could not find any rea-
on for that. The Ki values were in the same range as for other
mphetamines such as 2-methoxyamphetamine (Ki = 11.5 �M), and
-methoxyamphetamine (Ki = 24 �M) determined using HLM (Wu
t al., 1997). The Ki value of DOI was much higher than that of quini-
ine, but in the same range as that of fluoxetine so interactions with
ther CYP2D6 substrates cannot be excluded but are rather unlikely.
linical studies would be necessary to predict relevant interactions.
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