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Abstract Background and Objective: 3,4-Methylenedioxymethamphetamine (MDMA; ecstasy) is a ring-substituted

amphetamine widely used for recreational purposes. MDMA is predominantly O-demethylenated in

humans by cytochrome P450 (CYP) 2D6 and is also a potentmechanism-based inhibitor of the enzyme. This

study assessed the inhibition and recovery half-life of CYP2D6 and CYP3A4 activity in female subjects by

administering the probe drug dextromethorphan before and repeatedly afterMDMAadministration. These

data were compared with the data obtained from a previous study in male subjects.

Study Design: Twelve healthy female subjects who were CYP2D6 extensive metabolizers participated as

outpatients in two experimental sessions. Session 1 was conducted over 2 days and session 2 over 10 days,

with a minimum of 3 days between sessions. In session 1, subjects received a single oral dose of dextro-

methorphan 30mg. In session 2, a 1.5mg/kg MDMA dose was given at 0 hours, followed at 4 hours by

repeated 30mg doses of dextromethorphan over the next 10 days.

Methods: Plasma concentration-time profiles and urinary recoveries of dextromethorphan and its metab-

olites dextrorphan (DOR), 3-methoxymorphinan (MM) and hydroxymorphinan-3-ol (HM) were measured.

Results: MDMA given prior to dextromethorphan resulted in a 10-fold increase in the dextromethorphan

maximum plasma concentration (Cmax) and area under the plasma concentration-time curve (AUC), with

corresponding decreases in DOR and HM pharmacokinetic parameters. The mean– SD Cmax of MDMA

was 188.8 – 16.7 ng/mL, with a time to reach Cmax (tmax) of 2.0 – 0.4 hours and an AUC from 0 to 25 hours

of 2645.2– 170.9mg�h/mL. The urinary recovery of the dextromethorphan dose as dextromethorphan and

its main metabolites was 25.4– 8.9% with no MDMA pretreatment versus 6.6 – 1.1% after 1.5mg/kg of

MDMA (p = 0.0001). The metabolic ratio (MR) increased almost 60-fold from 0.018 – 0.028 to 0.998 – 0.932

afterMDMAadministration, with 100% of the subjects having a value greater than the antimode of 0.3 that

signified the poor-metabolizer phenotype. Data analysis of results obtained in the present study compared

with those from a previous study in male subjects showed significant differences in the dextromethorphan/
DOR MR in the 0- to 8-hour (session 1) and 4- to 12-hour (session 2, post MDMA) collection periods

(p= 0.032 andp= 0.01, respectively). CYP2D6activity recovered after 10 days to 90%of baseline activity, with a

recovery half-life of 36.6– 22.9 hours. Male subjects showed a shorter recovery half-life (27.6 – 25.1 hours).

The measurement of CYP3A4 activity indicated a non-significant increase in Cmax and AUC values of MM

after drug intake, but urinary data reflected significant differences in dextromethorphan/MM MR in both
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sexes, although the difference was more pronounced in women. Dextromethorphan/MM MR increased

almost 3-fold from baseline.

Discussion and Conclusion: In women the pretreatment with MDMA resulted in a decrease in dextro-

methorphan clearance. CYP2D6 activity recovered after 10 days to 90% of baseline activity. Regarding

CYP3A4 activity, there is an apparent decrease in its activity after MDMA use. In women, MDMA use has

been associated with psychiatric symptoms and psychological problems that may require psycho-

pharmacological treatment with antidepressant drugs, some of which are known CYP2D6 substrates.

MDMA-induced mechanism-based inhibition of CYP2D6 is of relevance, and physicians should be advised

to prescribe medications whose metabolic disposition is not regulated by CYP2D6.

Background

3,4-Methylenedioxymethamphetamine (MDMA; ecstasy) is

a synthetic amphetamine derivative widely abused recreationally

because of its entactogenic effects.[1,2] The serotonin syndrome

(increased muscle rigidity, hyperreflexia and hyperthermia) is

characteristic of acute toxicity episodes.[3] A number of case re-

ports of severe intoxication and death after MDMA abuse have

been reported.[4] A gradual loss of some cognitive functions have

been observed among long-term users of MDMA, probably as

a consequence of its adverse effects on the central serotonergic

system.[5-9] Metabolism of MDMA in humans is rather complex

and details can be found in several reports.[10-16]

O-demethylenation of MDMA is the main metabolic path-

way, giving rise to 3,4-dihydroxymethamphetamine (HHMA).

This reaction is mainly regulated by cytochrome P450 (CYP)

2D6, with the contribution of other CYP isoenzymes. CYP2D6

is a polymorphic enzyme responsible for the clearance of one-

quarter of drugs used in therapeutics.[17-19] According to their

mean effect on theCYP2D6phenotype, genotypes canbe grouped

into three phenotype subgroups: poor metabolizers (PMs),

extensive metabolizers (EMs), and ultrarapid metabolizers

(UMs). Subjects with a PM phenotype lack two functional al-

leles,[20] whereas EM subjects have one or two functional alleles

and UM subjects have more than two.[21-23]

The CYP2D6 phenotype is usually determined by adminis-

tering a probe drug, such as dextromethorphan or debriso-

quine.[20,24] In vitro, CYP2D6 contributes 80% to the formation

of dextrorphan (DOR), and CYP3A4 contributes more than

90% to the formation of 3-methoxymorphinan (MM) from

dextromethorphan as a substrate[25] and therefore is used to

simultaneously assess CYP2D6 and CYP3A4 activities in vivo

based on the determination of urine metabolic molar ratios

of dextromethorphan/DOR and dextromethorphan/MM, re-

spectively.[26-29] BothDORandMMare partially demethylated

to hydroxymorphinan (HM; hydroxymorphinan-3-ol) and all

are recovered in urine, as glucuronides.[30]

Acute MDMA intoxication has been associated with high

plasma concentrations[31] but not with non-functional CYP2D6

genotypes that may explain MDMA accumulation in the

body.[32] These observations suggest that acute toxicity episodes

are related to MDMA exposure at high doses and/or to the fact

that MDMA disposition in the body follows nonlinear pharma-

cokinetics.[33-35] MDMA interacts with CYP2D6 both as a

substrate and as an inhibitor of its own metabolism by the for-

mation of a complex between CYP2D6 and MDMA,[36,37] the

formation of which has been shown in vitro in both rats and

humans.[38] It is postulated that the methylenedioxy group pre-

sent in the chemical structure of MDMA is responsible for the

metabolic autoinhibition. Mathematical modelling of MDMA

pharmacokinetic data in humans indicates that a period of

280 hours without dosing is required for the activity of CYP2D6

to return to normal.[33] In practice, inhibition of CYP2D6 ac-

tivity is not >30% because of the contribution of alternative CYP

isoenzymes, including CYP3A4, following its inactivation.[35]

The quasi-irreversible mechanism-based inhibition (MBI) of

CYP2D6 is associated with a decrease in the amount of effective

enzyme such that recovery of activity depends on its de novo

synthesis. Inhibition of CYP2D6 by MDMA and the recovery

of its activity, using the dextromethorphan/DOR MR as a bio-

marker, in male subjects have already been reported.[39] Little is

known about the pharmacology of MDMA in women and how

this drug affects CYP2D6 activity. Preliminary reports suggest

marked sex differences in MDMA plasma concentrations.[40]

The present study had two main objectives: to study the

metabolism of dextromethorphan in women before and after

MDMA intake, taking into account the activity of CYP2D6

and CYP3A4 in these two situations; and to compare the data

obtained here with those previously published by Mathúna

et al.[39] in males. A between-sexes comparison was made,

considering three aspects: the metabolism of dextromethor-

phan in control conditions; its metabolism after CYP2D6 in-

hibition byMDMA; and the duration of CYP2D6 inactivation

in both sexes and the return to baseline activity.
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Methods

Study Participants

Twelve healthy Caucasian females recruited by word-of-

mouth were included in the study. Eligibility required self-

reported recreational use of MDMA on at least ten occasions

and twice in the previous year. None had a history of adverse

medical or psychiatric reactions after MDMA consumption.

Subjects were interviewed by a psychiatrist to exclude those

with major psychiatric disorders or with a history of such dis-

orders[41] and by a physician to exclude concomitant medical

conditions. Subjects underwent a general physical examination,

routine laboratory tests, urinalysis and a 12-lead ECG. The

participants had a mean (SD) age of 26.9 (3.7) years, body-

weight of 56.1 (4.8) kg and height of 167 (4.8) cm. All but four

were current smokers. None met criteria for drug abuse or drug

dependence (except for nicotine), and all had previous experi-

ence with other psychostimulants, cannabis or hallucinogens.

Subjects were informed about the study, provided written in-

formed consent before inclusion in the study and were com-

pensated for their participation. The study was conducted in

accordance with the Declaration of Helsinki (2000), approved

by the local institutional review board (the Clinical Research

Ethical Committee of the Parc de Salut Mar) and authorized

by the Spanish Medicines Agency (SMA; authorization no.

04-0013). All participants were phenotyped for CYP2D6 ac-

tivity, using dextromethorphan; the EM phenotype was re-

quired for participation in the study.[42] Subjects were requested

to refrain from consuming drugs of abuse for 2 weeks before

and throughout the duration of the study. Regular ingestion of

medication in the month preceding the study was an exclusion

criterion, although single doses of symptomatic medication

were accepted up to the week preceding the trial. Tobacco

smoking was permitted 6 hours after drug administration. The

women were not taking oral contraceptive steroids and all of

them participated during the follicular menstrual period. At

each session and before drug administration, urine samples

were collected for drug testing (opioids, cocaine, amphetamines

and cannabis) by a rapid test device (Instant-View�; Alpha

Scientific Designs, Inc., Poway, CA, USA). A positive screen-

ing test was considered an exclusion criterion.

Study Design and Drugs

Subjects participated as outpatients in two experimental

sessions. Session 1was conducted over 2 days and session 2 over

10 days, with a minimum wash-out period of 3 days between

sessions. The study design was open-label since the principal

variables being measured were objective (the pharmacokinetics

of dextromethorphan, its metabolites and MDMA). A pilot

study was first conducted in three individuals to determine the

optimal dosing intervals for dextromethorphan. Dextrometh-

orphan tablets (Romilar�; Roche Farma, SA, Madrid, Spain)

were supplied by the pharmacy at the Hospital del Mar

(Barcelona, Spain). (R,S)-MDMAwas supplied by the Spanish

Ministry of Health and prepared in white, opaque, soft gelatine

capsules by the pharmacy at the Hospital del Mar.

Each session began at 07:30h following an overnight fast.

Drug administration commenced at 08:30h. In session 1, 30mg

of dextromethorphan was given at 0 hour. In session 2, a

1.5mg/kg MDMA dose (minimum 75mg; maximum 100mg)

was given at 0 hour followed by repeated 30mg doses of dextro-

methorphan at 4, 24, 96, 168 and 240 hours. The dose of

MDMA was chosen to be in the range reported for single rec-

reational doses of MDMA.[43] All drugs were administered by

the oral route. A light meal was provided 2 hours after initial

drug administration. Blood samples were obtained through

an indwelling catheter inserted into a subcutaneous vein in

the forearm of the non-dominant arm. Thereafter, the subjects

remained seated in a quiet room. In session 1, blood samples

(8mL) were taken at 0, 0.5, 1, 2, 4, 6, 8 and 24 hours after

dextromethorphan administration; in session 2, blood samples

were collected at 4, 4.5, 5, 6, 8, 10, 12 and 28 hours afterMDMA

administration. After centrifugation at 4�C, four 1mL aliquots

of plasma were stored at -20�C until analysis. Subjects were

asked to urinate before the session commenced, to empty the

bladder (pre-basal), and subsequently urine was collected for

the periods of 0–8 and 8–24 hours in session 1 following dextro-

methorphan administration and for the periods of 0–4, 4–12,

24–32, 96–104, 168–176 and 240–248 hours in session 2 following

MDMA administration. Urinary pH was measured and then

acidified; aliquotswere stored at-20�Cuntil analysis.During the

sessions, cardiovascular effects were recorded for safety reasons

(continuous ECG, blood pressure, heart rate and temperature)

but those data are not presented in this manuscript.

Genotyping

Samples of 1mL of whole blood were taken for DNA ex-

traction and CYP2D6 genotyping with a DNA microarray

(PHARMAchip; Progenika Biopharma SA, Vizcaya, Spain).

CYP2D6 genotypes and the corresponding dextromethorphan/
DOR metabolic ratios (MRs) of subjects are shown in table I.

Each genotype was classified according to the number of

functional alleles. Those subjects bearing a functional allele and
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a second partially functional allele were classified as having

two functional alleles. Table I depicts the genotypes of female

subjects analysed in the present study, and also shows the

genotypes of male subjects analysed in a previous report.[39]

Analytical Methods

All chemical reagents were of the highest grade available.

Dextromethorphan, DOR,MM,HMand the internal standard,

levallorphan, were purchased from Sigma-Aldrich Quimica SA

(Madrid, Spain). Aliquots of urine and plasmawere assayed for

dextromethorphan, DOR, MM and HM, using a previously

reported method[44] based on solid-liquid extraction with Bond

Elut Certify� (Varian, Palo Alto, CA, USA) columns and

analysis by high-performance liquid chromatography and

fluorescence detection. Plasma MDMA was measured by gas

chromatography-mass spectrometry.[45]

Data Analysis

The values of the maximum plasma concentrations (Cmax),

time to reach Cmax (tmax), elimination half-life (t½), elimination

rate constant (ke), area under the plasma concentration-time

curve (AUC) from 0 to 8 hours (AUC8) and from time zero to

infinity (AUC1) were derived directly from the plasma con-

centration-time profiles of dextromethorphan, DOR, MM and

HM. Dextromethorphan plasma clearance (CL), as the ratio

between the total administered dose and AUC1, and volume

of distribution (Vd) were also calculated. AUC values from

time zero to time t (AUCt) were determined from 0 to 8 hours

(session 1 data) and from 4 to 12 hours (session 2 data), using

the trapezoidal rule. AUC8 was extrapolated to AUC1 by

adding the last quantifiable concentration divided by ke. ke
values were estimated by log-linear regression of terminal data

points. Inhibition constant (Ki) values in both sexes were cal-

culated taking into account MDMA plasma concentrations.

All aforementioned pharmacokinetic parameters were de-

termined using pharmacokinetic functions for Microsoft Excel

(Microsoft Corporation, Redmond, CA, USA).[46]

Statistically significant differences in pharmacokinetic pa-

rameters of dextromethorphan and its metabolites during the

two sessions were assessed with a paired Student’s t-test (Cmax,

AUC and t½) and the Wilcoxon signed-rank test (tmax). All

these parameters were compared to those of a study previously

reported,[39] performed in male subjects with the same experi-

mental design. Differences were considered to be significant at

p < 0.05. All results are expressed as mean – SD.

The MR of dextromethorphan/DOR was determined in

order to explore the recovery of the activity of CYP2D6 inmale

and female subjects afterMDMA intake. The fold change in the

MRat themean of each urine sample period in session 2 relative

to the MR value in session 1 was plotted against time after

MDMA administration for each subject. An inhibitory effect

sigmoid maximum effect (Emax) model was fitted for the in-

dividual profiles by nonlinear regression (WinNonlin version

4.1; Pharsight Corporation, Mountain View, CA, USA) with

suitable weighting of the MR in the respective urine sampling

interval to estimate a value of CYP2D6 recovery (equation 1):

E¼Emax 1�
tg

tg50þ tg

� �
(Eq. 1)

where E is the fold change in urinary MR after MDMA ad-

ministration expressed as the ratio of MR in the inhibited

state to the MR in the uninhibited control state, i.e. MRi/MRc,

at the midpoint of the interval of time; t is time (in hours), Emax

is the value of E at t = 0, t50 is the time (in hours) required to

recover 50% of the activity of CYP2D6 (or CYP2D6 recovery

half-life) and g is the steepness of the sigmoid curve. The first-

order rate constant for CYP2D6 recovery (kCYP) was obtained

as (equation 2):

kCYP¼
0:693

t50 (Eq. 2)

Table I. Cytochrome P450 (CYP) 2D6 female and male genotypes in the

present study and a previous study[39]

CYP2D6

genotype

Functional

alleles (n)

Subjects (n) MRa

men[39] women

*1/*4 1 2 1 0.0096

*9/*10 1 1 0

*2/*4 1 1 0

*1/*5 1 1 0

*1/*3 1 0 1 0.0043

*4/*41 1 0 1 0.1008

*1/*10 2 1 0

*1/*2 2 5 2 0.0121 – 0.0012

*1/*9 2 1 0

*2/*41 2 1 0

*1/*1 2 1 3 0.0139 – 0.0125

*1/*17 2 1 0

*1/*41 2 0 1 0.0045

*2/*10 2 0 1 0.0081

*1/*35 2 0 1 0.0112

*2/*35 2 0 1 0.0051

a Mean (–SD) dextromethorphan/dextrorphan metabolic ratio (MR) in

women in the present study.
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Urinary results were also compared to the data from the

report previously mentioned.[39] Micromoles of dextromethor-

phan, its metabolites recovered and MR were evaluated by

multiple-way ANOVA for each time period. In this way,

urinary differences between women and men were studied be-

fore and after the inhibition, taking into account the recovery of

CYP2D6 activity. CYP3A4 activity in vivo was assessed based

on the determination of the urine metabolic molar ratio of

dextromethorphan/MM in both sexes. Ki values were obtained

following equation 3, which reflects the intensity of the in-

hibitory potential and offers a link between in vitro data ob-

tained and in vivo pharmacokinetic observations:

Ki¼
Imax;u

R� 1 (Eq. 3)

The R factor is the ratio between the AUC of the substrate

co-administered with the inhibitor, i.e. MDMA, and the AUC

of the substrate in the uninhibited control state (AUCi/AUCc)

of dextromethorphan, and Imax,u refers to the maximum con-

centration of unbound (free) MDMA. MDMA binding to

plasma protein is considered to be low[47] (less than 20%).

Because the in vivo exposure ([I]) can be measured, these

terms are combined to yield a predictive estimate of systemic

substrate clearance inhibition in vivo, usually designated as the

AUCi/AUCc. In the most general form, the equation that ex-

presses such inhibition is equation 4:

1þ
½I�

Ki
¼

AUCi

AUCc (Eq. 4)

Results

Table II summarizes pharmacokinetic parameters for dextro-

methorphan, DOR, MM and HM in females. After MDMA

(session 2) an increase in dextromethorphan plasma con-

centrations was observed, with a significant effect on Cmax and

AUC8 (increased approximately 10-fold), compared to control

(session 1). An equivalent decrease in Cmax and AUC8 in

session 2 compared to session 1 for DOR and HM was ob-

served. Significant differences in t½ for both metabolites were

observed between both sessions as well as significant differences

in tmax for DOR. Plasma concentrations of MM were not sig-

nificantly changed byMDMA. The mean Cmax of MDMAwas

188.8 – 16.7 ng/mLwith a tmax of 2.0 – 0.4 hours andAUC from

0 to 25 hours of 2645.2 – 170.9mg�h/mL. The MDMA single

dose of 1.5mg/kg produced the typical effects described for this

substance in an experimental laboratory setting[10] and no ad-

verse effects were reported. Bodyweight- and dose-normalized

mean plasma concentrations of dextromethorphan,DOR,MM

and HM before and after a 1.5mg/kg dose of MDMA from

both sexes are shown in figure 1. Data analysis between women

and men revealed that there were no statistical differences

in Cmax and t½ for any of the metabolites during the two

sessions. However, there were significant between-sexes differ-

ences in tmax for dextromethorphan (p = 0.01), DOR (p = 0.005)

and HM (p = 0.033) in session 2. Ki values revealed a higher

value in male compared to female subjects (185.0 – 67.6 vs

175.0 – 34.5 ng/mL).

Table II. Dextromethorphan (DEX) and metabolite pharmacokinetics before (session 1) and after (session 2) a 1.5 mg/kg dose of 3,4-methylenedioxy-

methamphetamine (MDMA; ecstasy) [n = 12]a

Parameter DEX DOR MM HM

session 1 session 2 session 1 session 2 session 1 session 2 session 1 session 2

Cmax (mg/L) 3.8 – 4.5 31.5 – 14.1* 514.0 – 408.5 35.9 – 15.2* 2.0 – 1.7 7.2 – 12.4 205.3 – 93.6 26.3 – 8.7*

tmax (h)b 2 [0.5–4] 6 [3.9–8.1] 2 [1.1–2.9] 4 [2.8–5.2]** 2 [0.5–4.2] 8 [5.4–10.6] 3 [1.7–4.3] 5 [3–7]

ke (h-1) 0.2 – 0.2 0.2 – 0.1 0.3 – 0.1 0.1 – 0.1 0.2 – 0.1 0.3 – 0.4 0.3 – 0.1 0.2 – 0.3

AUC8 (mg�h/L) 15.8 – 26.3 145.1 – 48.3* 1991.9 – 1102.0 191.1 – 89.8* 9.2 – 8.6 26.0 – 34.7 966.0 – 439.8 128.0 – 48.8*

t½ (h) 1.7 – 0.4 12.1 – 12.5 2.6 – 1.3 13.4 – 12.6* 5.2 – 3.9 6.3 – 3.8 3.0 – 1.2 16.7 – 24.4*

CL (L/h) 3587.4 – 3797.4 119.4 – 66.2* NA NA NA NA NA NA

Vd (mL/kg) 12 967.2 – 4964.5 1322.2 – 1145.9* NA NA NA NA NA NA

AUC1 (mg�h/L) 29.1 – 37.1 397.0 – 333.1 NA NA NA NA NA NA

a Values are expressed as mean – SD unless specified otherwise.

b Median [range].

AUC = area under the plasma concentration-time curve; AUC8 = AUC from 0 to 8 hours; AUC1 = AUC from time zero to infinity; CL = plasma clearance;

Cmax = maximum plasma concentration; DOR = dextrorphan; HM = hydroxymorphinan-3-ol; ke = elimination rate constant; MM = 3-methoximorphinan; NA = not

applicable; t½ = elimination half-life; tmax = time to reach Cmax; Vd = volume of distribution; * p < 0.05 (by paired Student’s t-test), ** p = 0.008 (by the Wilcoxon

exact test for nonparametric values) vs session 1.
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Table III summarizes the urinary recoveries of dextro-

methorphan and its metabolites during the 0–8-hour collection

period before and after MDMA intake in women. The urinary

recovery of the dextromethorphan 30mg dose as dextromethor-

phan and its main metabolites was 25.4 – 8.9% with no

MDMApretreatment versus 6.6– 1.1% afterMDMA1.5mg/kg
(p= 0.0001). The dextromethorphan/DOR MR increased almost

60-fold from 0.018– 0.028 (session 1) to 0.998– 0.932 (session 2)

in women. Figure 2 shows that after MDMA administration,

100% of the female subjects had a value greater than the anti-

mode of 0.3 that signified the PM phenotype, while this phe-

nocopying phenomenon was observed in only 67% of male

subjects.[20,39] There were significant between-sexes differences

in the rate of phenocopying after MDMA administration (w2

p < 0.01). A significant correlation was observed between MR

and Cmax(dextromethorphan)/Cmax(DOR) [r= 0.97; p = 0.0001]

in session 1 but this was marginal in session 2 [r = 0.53;

p = 0.073].

The time course of CYP2D6 activity recovery in both sexes,

represented by log (MR) after MDMA and the sigmoid ad-

justment applied, are shown in figure 3a. The excretion of

dextromethorphan andDOR showed significant between-sexes

differences in MR at 0–8 hours (session 1) and 4–12 hours

(session 2) [p = 0.032 and p = 0.01, respectively]. Comparing all
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Fig. 1. Bodyweight- and dose-normalized mean (– standard error) plasma concentrations of (a) dextromethorphan; (b) dextrorphan; (c) 3-methoxymorphinan;

and (d) hydroxymorphinan-3-ol in women (n = 12) and in men (n = 15)[39] before (session 1) and after (session 2) a 1.5 mg/kg dose of 3,4-methylenedioxy-

methamphetamine (MDMA; ecstasy).

Table III. Urinary recovery [0–8 h] of dextromethorphan (DEX) and its

metabolites before (session 1) and after (session 2) a 1.5 mg/kg dose of

3,4-methylenedioxymethamphetamine (MDMA; ecstasy)a

Compound Urinary excretion [0–8 h] (mmol) Urinary recovery [0–8 h] (%)b

session 1 session 2 session 1 session 2

DEX 0.2 – 0.2 2.4 – 1.7* 0.2 – 0.2 2.1 – 1.6*

DOR 18.7 – 8.7 2.8 – 1.6* 16.9 – 8.7 2.6 – 1.6*

MM 0.1 – 0.1 0.3 – 0.1 0.1 – 0.1 0.3 – 0.1*

HM 9.0 – 3.6 1.8 – 1.2* 8.2 – 3.6 1.7 – 1.2*

a Values are expressed as mean – SD.

b Recoveries (0–8 h) are expressed as a percentage of the administered

dose.

DOR = dextrorphan; HM = hydroxymorphinan-3-ol; MM = 3-methoxymorphinan;
* p < 0.05 vs session 1.
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metabolites separately between females and males, dextro-

methorphan excretion in session 1 is not statistically significant

(p = 0.526). However, DOR, MM and HM concentrations in

these time periods are close to statistical significance (p = 0.08,

p = 0.08 and p= 0.05, respectively) but reach significance

(p = 0.039, p = 0.013 and p= 0.044, respectively) when CYP2D6

activity (240–248 hours) recovered almost to baseline values.

The predicted values generated by the sigmoid fitting cor-

relate well (r = 0.91 – 0.14) with the observed values and the

plot of residuals against time showed a randomly scattered

distribution. CYP2D6 activity recovered after 10 days, with a

half-life of 36.6 – 22.9 hours. kCYPwas 0.0293 – 0.0198 h-1.Men

showed a shorter recovery half-life (27.6 – 25.1 hours) and

therefore higher kCYP values (0.0627 – 0.0754 h-1). Emax values

were 151.4 – 188.1 ng/mL and 198.3 – 198.1 ng/mL in females

and males, respectively.

Significant higher values of the steepness of sigmoid curve

were observed in women versus men (2.61 – 1.00 vs 1.86 – 0.68,
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respectively; p< 0.05). Figure 3b shows the adjustment between

observed and predicted data points in the sigmoid model.

Figure 4 displays CYP3A4 activity before (0–8 hours) and

after (all other collection periods) the administration ofMDMA

in both sexes. The data show an increase in Cmax and AUC

values of MM after drug intake that are not significantly dif-

ferent from baseline levels. The urinary data reflect significant

differences in dextromethorphan/MM ratios after MDMA in-

take compared to the control situation in both sexes, although

it was more pronounced in women. Dextromethorphan/MM

ratios increased almost 3-fold from 0.311– 0.310 to 0.860– 0.382

after MDMA administration in women and there was a

2.5-fold-increase in men (from 0.325 – 0.283 to 0.751 – 0.331).

There were no between-sexes differences in CYP3A4 activity

before or after MDMA administration. The measurement of

CYP3A4 activity indicated that when CYP2D6 is impaired,

CYP3A4 activity is apparently decreased in both sexes.

Discussion

In the present study we report, for the first time, MDMA-

induced CYP2D6 inhibition as well as enzyme activity recovery

over time in women, using dextromethorphan as probe drug to

monitor CYP2D6 activity.

A single recreational dose of MDMA caused a dramatic

increase in the systemic exposure to dextromethorphan with the

simultaneous decrease in plasma concentrations of its primary

metabolite, DOR. Since no statistically significant differences

in dextromethorphan tmax were observed, differences in dextro-

methorphan pharmacokinetics were likely due to metabolic

changes and not to absorption and distribution processes. This

was also reflected in a marked decrease in dextromethorphan

metabolism seen in the urinary recovery of dextromethorphan,

but also in dextromethorphan/DOR MR, which had not fully

recovered to its basal level after 10 days of MDMA intake.

These data, compatible with a potent MBI of CYP2D6, agree

with studies previously published.[36,37,39] CYP2D6 inhibition is

translated in a rapid phenocopying to apparent PM status,

meaning a poor enzyme capability tometabolize dextromethor-

phan to dextrorphan after a single dose of MDMA, explaining

the inability to relate acute toxicity to the CYP2D6 geno-

type.[48]

Regarding DOR, HM and MM, several pharmacokinetic

parameters were altered after dextromethorphan administra-

tion following MDMA pretreatment in women. Changes in

DOR plasma concentrations are easily explained because the

O-demethylation pathway from dextromethorphan to DOR is

regulated by CYP2D6. Consequently, HM plasma concentra-

tions were altered as its formation is mainly dependent onDOR

formation. Plasma concentrations ofMMwere not significantly

changed by pretreatment with MDMA because its formation is

regulated by CYP isoenzymes other than CYP2D6.

There are significant differences between both sexes in

CYP2D6 activity in vivo using dextromethorphan as probe

drug at baseline and these sex-related differences persisted after

CYP2D6 inhibition. At baseline level, urinary MRs differ be-

tween sexes because of a higher recovery of dextromethorphan

in women. Figure 2 shows that once CYP2D6 is inhibited, MR

in women displays values that are still higher than those ofmen.

Moreover, women show a larger variability in MR values after

MDMA administration compared to men, in particular in

subjects displaying one functional allele. However, a higher-

fold increase inMR inmen than in women afterMDMA intake

is observed, and therefore, a stronger inhibition is observed.

Calculated Ki values also corroborate this phenomenon. All

subjects included in this study were confirmed to be EMs on the

basis of a dextromethorphan phenotyping test. Beyond this

phenotype, certain heterogeneity in the genotype associated

with it is expected (table I). However, between-sexes differences

observed in dextromethorphan disposition are not attributable

to a dissimilar distribution of CYP2D6 genotypes as their dis-

tribution among subjects was quite the same (one-third of the

subjects had one functional allele and two-thirds had two

functional alleles in both sexes). The sigmoid inhibitory model

used to analyse the data provided a good fit for the fold increase

at t = 0 when CYP2D6 is inhibited by MDMA, showing the

potent inhibitory effect on the metabolism of dextromethor-

phan (figure 3b).

The time course of CYP2D6 recovery shows no significant

between-sexes differences in terms of the t50. Values estimated

in men (27.6 – 25.1 hours) are similar to a corrected mean re-

covery half-life value (37.4 – 11.6 hours) previously reported[39]
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after modelling a monoexponential decay of theMR over time.

The sigmoid model applied in the present report shows that

despite the absence of between-sexes differences in the Emax

and t50 values, a significant effect on the sigmoidicity of the

fitting is observed. This sigmoidicity factor (g) greater than 1

indicates a steeper recovery of CYP2D6 that is significantly

more pronounced in women than in men. Between-sexes dif-

ferences in de novo CYP2D6 protein synthesis after MBI of the

isoenzyme could be the cause of these differences observed in

the steepness of the sigmoid curves, but further studies and

different models are required to explain the more pronounced

shape of functional recovery of CYP2D6 in women.

Observing the data in figure 3 and assuming that CYP2D6

recovers 90% of full activity within 3–4 half-lives, this value

seems to underestimate the recovery because CYP2D6 activity

has not recovered fully even after 10 days.

The clinical implication of MDMA-inducedMBI of CYP2D6

activity is that within 2 hours, subjects display the PM pheno-

type after drug intake irrespective of their original genotype.

Therefore, recreational MDMA users are exposed to a higher

probability of relative overdose and, therefore, an increased

risk of suffering adverse effects fromCYP2D6 substrates includ-

ing MDMA (repeated doses in the same session). CYP2D6-

impaired metabolic capacity would be a contributory factor to

drug side effects and CYP2D6 EMs are not protected against

adverse events.[49] CYP2D6 substrates include tricyclic anti-

depressants (amitriptyline, clomipramine, desipramine), serotonin

reuptake inhibitor antidepressants (citalopram, fluoxetine, par-

oxetine), amphetamine-like compounds (methamphetamine),

antipsychotics (haloperidol, perphenazine), antiarrhythmics

(aprindine), antiemetics (dolasetron, ondansetron), b-adre-
noceptor antagonists (alprenolol, metropolol) and opioids

(codeine, tramadol).[20,50] MDMA users display a higher prev-

alence of psychopathology particularly of mood disorders

when compared to non-drug users.[51,52] It is in this context that

the MDMA-induced MBI of CYP2D6 is of relevance, and

physicians should be advised to prescribe medications whose

metabolic disposition is not regulated by CYP2D6.

The dextromethorphan/DOR urinary MR is sensitive to

changes in the renal clearance of dextromethorphan, for ex-

ample, due to urine pH-dependent excretion.[53,54] However, we

did not detect any influence of urinary pHor renal function. The

homogeneity of the population involved in the study, in terms of

their dietary and life-style habits, may explain this observation.

Plasma concentration profiles, pharmacokinetic parameters

and urinary recovery of dextromethorphan and metabolites

in women in the absence of pretreatment with MDMA are

in agreement with those described in previous studies.[54,55]

Phenotyping of 15 men and 12 women with dextromethorphan

in the current study suggests that CYP2D6 activity might be

greater in men. These results are consistent with some previous

studies.[54-57] In contrast, other groups found either no differ-

ence[57,58] or decreased CYP2D6 activity in men compared to

women.[48,59]

CYP3A4 is partially involved in the O-demethylenation of

MDMA and MDA to HHMA and HHA, respectively. Even

considering the minor contribution of CYP3A4 to metabolic

disposition of MDMA, its activity was monitored because

other enzymes may become more important once CYP2D6 is

inhibited. Segura et al.[60] showed there was a conversion from

MDMA to HHMA in vivo, despite the CYP2D6 inhibition by

paroxetine suggesting alternative metabolic pathways. In vitro

assays demonstrated that other enzymes such as CYP1A2 and,

to a lower extent, CYP2B6 andCYP3A4,may participate in the

conversion from MDMA to HHMA.[18] CYP3A4 is also in-

volved in the metabolism of dextromethorphan and its activity

can be monitored with the MR of dextromethorphan/MM.

However, CYP2D6 and CYP3A4 metabolic activities are not

strictly independent from each other.[49] Comparing CYP2D6

and CYP3A4 metabolic activity, it has been shown that while

dextromethorphan levels increase almost 10-fold once MDMA

is administered, DOR metabolite levels decrease dramatically

10-fold, reflecting a potent metabolic inhibition not shown in

the CYP3A4-regulated pathway.

Conclusion

In this study carried out in 12 female subjects, pretreatment

with MDMA resulted in an alteration of dextromethorphan

metabolism, which was characterized by an increase in dextro-

methorphan plasma concentrations and a decrease in dextro-

methorphan clearance. These results were compared with a

previous study in male subjects. Between-sexes differences in

CYP2D6 activity in basal conditions (dextromethorphan MR)

were observed; after MDMA intake and CYP2D6 inhibition,

these differences persisted for some hours but afterwards

CYP2D6 recovery followed a similar time pattern and reached

baseline activity 10 days after MDMA exposure. These results

contribute to a better understanding of CYP2D6 activity in

both sexes as well as the clinical implications associated with

these pharmacokinetic changes.
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10. de la Torre R, Farré M, Roset PN, et al. Pharmacology of MDMA in humans.

Ann N Y Acad Sci 2000; 914: 225-37
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59. Hägg S, Spigset O, Dahlqvist R. Influence of gender and oral contraceptives on

CYP2D6 and CYP2C18 activity in healthy volunteers. Br J Clin Pharmacol

2001 Feb; 51 (2): 169-73
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