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A B S T R A C T

The R- and S-enantiomers of racemic 3,4-methylenedioxymethamphetamine (MDMA) exhibit different

dose–concentration curves. In plasma, S-MDMA was eliminated at a higher rate, most likely due to

stereoselective metabolism. Similar data were shown in various in vitro experiments. The aim of the

present study was the in vivo investigation of stereoselective elimination of MDMA’s phase I and phase II

metabolites in human urine following controlled oral MDMA administration. Urine samples from 10

participants receiving 1.0 and 1.6 mg/kg MDMA separated by at least one week were analyzed blind by

liquid chromatography–high resolution-mass spectrometry and gas chromatography–mass spectrom-

etry after chiral derivatization with S-heptafluorobutyrylprolyl chloride. R/S ratios at Cmax were

comparable after low and high doses with ratios>1 for MDMA, free DHMA, and HMMA sulfate, and with

ratios <1 for MDA, free HMMA, DHMA sulfate and HMMA glucuronide. In the five days after the high

MDMA dose, a median of 21% of all evaluated compounds were excreted as R-stereoisomers and 17% as

S-stereoisomers. Significantly greater MDMA, DHMA, and HMMA sulfate R-enantiomers and HMMA and

HMMA glucuronide S-stereoisomers were excreted. No significant differences were observed for MDA

and DHMA sulfate stereoisomers. Changes in R/S ratios could be observed over time for all analytes, with

steady increases in the first 48 h. R/S ratios could help to roughly estimate time of MDMA ingestion and

therefore, improve interpretation of MDMA and metabolite urinary concentrations in clinical and

forensic toxicology.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

3,4-Methylenedioxymethamphetamine (MDMA) or Ecstasy, is
a recreational drug of abuse popular among young people.
Recently, the Substance Abuse and Mental Health Services
Administration reported increasing MDMA consumption in the
United States [1]. MDMA is usually consumed as a 1:1 racemate of
R- and S-enantiomers. The S-enantiomer is more potent than the R-
enantiomer in producing euphoria, energy and a desire to socialize
[2,3]. MDMA also can induce severe acute toxic symptoms, such as
tachycardia, hypertension, hyperthermia, and hepatotoxicity [3],
severe and fatal intoxications also have been described [3].
Concerning chronic toxicity, animal data suggest that MDMA
causes irreversible damage to serotonergic nerve terminals in the
central nervous system [3–6]. In humans, chronic MDMA toxicity is
still controversial, as some recent publications suggest that animal
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doses may be too high compared to human pharmacokinetics [7,8],
while others indicate that humans are susceptible to brain
serotonin neurotoxicity [9]. Admittedly, direct MDMA injection
into rat brain failed to reproduce neurotoxic effects seen after
systemic administration [10]. Furthermore, alteration of cyto-
chrome P450 (CYP)-mediated MDMA metabolism influenced
MDMA-induced neurotoxicity [10,11]. Therefore, MDMA metabo-
lism may be an important contributor to neurotoxicity [12–15].

In vivo and in vitro MDMA studies revealed two main metabolic
pathways. One includes multiple CYP enzyme-catalyzed O-
demethylenation of MDMA to 3,4-dihydroxymethamphetamine
(DHMA), followed by catechol-O-methyltransferase (COMT)-
catalyzed O-methylation, primarily to 4-hydroxy-3-methoxy-
methamphetamine (HMMA). DHMA and HMMA also may be
conjugated by uridine diphosphate glucuronyltransferases (UGT)
to DHMA 3-glucuronide, DHMA 4-glucuronide, and HMMA
glucuronide, or by sulfotransferases (SULT) to DHMA 3-sulfate,
DHMA 4-sulfate, and HMMA sulfate. A minor pathway includes
demethylation to 3,4-methylendioxy-amphetamine (MDA) fol-
lowed by demethylenation to 3,4-dihydroxy-amphetamine

http://dx.doi.org/10.1016/j.bcp.2011.09.023
mailto:hans.maurer@uks.eu
http://www.sciencedirect.com/science/journal/00062952
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(DHA), O-methylation to 4-hydroxy-3-methoxyamphetamine
(HMA), and conjugation [5,16–21].

During the first 48 h after racemic MDMA ingestion, the S-
enantiomer was eliminated from plasma at a faster rate than the R-
enantiomer [2,3,22–25]. Enantioselective metabolism is the most
likely explanation for different MDMA enantiomer pharmacoki-
netics in humans. In vitro experiments mediated by CYP, COMT,
SULT and UGT enzymes documented preferential metabolism of S-
enantiomers [19,26–28].

Enantioselective metabolism and elimination data in human
blood or urine following controlled MDMA administration are
available [2,24,25]; however, in all of these, DHMA, HMMA, and/or
HMA data were obtained after conjugate cleavage either by acidic
or enzymatic hydrolysis (Helix pomatia). There are no data
available following direct measurement of intact glucuronides
and sulfates that also might show different enantiomeric ratios.
The aim of the present study was to investigate in vivo excretion of
chiral MDMA phase I and phase II metabolites in human urine
following controlled oral MDMA administration.

2. Materials and methods

2.1. Chemicals and reagents

Racemic MDA, HMA, DHA, MDMA, HMMA, and DHMA
hydrochlorides were obtained from Lipomed (Bad Saeckingen,
Germany). Methanolic 1 mg/mL MDA-d5 and MDMA-d5 were
purchased from LGC Promochem (Wesel, Germany), 4-hydro-
xymethamphetamine (pholedrine), 3,4-dihydroxybenzylamine
(DHBA), and morphine 6-glucuronide (M6G), hexamethyldisila-
zane (HMDS) and sulfatases (EC no. 3.1.6.1) from Aerobacter

aerogenes were from Sigma Aldrich (Steinheim, Germany). R/S-
DHMA sulfates, R/S-HMMA sulfate, and single diastereomers of
HMMA glucuronides that are not commercially available were
synthesized in the author’s laboratory [19,20], as well as the
derivatization reagent S-heptafluorobutylprolyl chloride (S-
HFBPrCl) [29]. Isolute Confirm C18 cartridges (500 mg, 3 mL)
were obtained from Biotage (Grenzach-Wyhlen, Germany). Water
was purified with a Millipore filtration unit and acetonitrile of
HPLC grade was obtained from VWR Prolabo (Darmstadt,
Germany). All other chemicals (analytical grade) were from Merck
(Darmstadt, Germany).

2.2. Controlled MDMA administration

The study design, study population, drug administration, and
sample collection were described elsewhere [30]. Briefly, partici-
pants were administered placebo, 1.0 mg/kg (low), and 1.6 mg/kg
(high) MDMA at least one week apart in this double blind,
randomized, placebo-controlled study. Urine specimens from 10
participants were collected in Institutional Review Board-ap-
proved protocols between 2005 and 2006 at the National Institute
on Drug Abuse (NIDA), Baltimore, MD. Specimens were measured
for total volume, aliquotted into multiple tubes, and frozen within
hours at�20 8C until GC–MS analysis at NIDA. Separate aliquots of
the same specimens (756 samples) were shipped frozen (never
thawed and refrozen) for blind analysis in 2010 by liquid
chromatography–high resolution mass spectrometry (LC–HRMS)
and gas chromatography–negative-ion chemical ionization–mass
spectrometry (GC–NICI–MS) for this research.

2.3. Creatinine determination

Urine creatinine was determined by the Jaffé reaction (Cobas
Creatinine, Roche Diagnostics) on a Roche Hitachi 917 (Roche
Diagnostics, Mannheim, Germany).
2.4. Sample preparation and analysis

Urine sample preparation was performed as previously
described [31]. Urine samples were analyzed by three different
approaches. Method A: LC–HRMS for stereoselective glucuronide
and achiral sulfate analysis. Method B: GC–NICI–MS for chiral
sulfate analysis after cleavage, and method C: GC–NICI–MS for
chiral MDMA and unconjugated metabolite analysis. For method A,
100 mL urine were submitted to C18 solid phase extraction and
analyzed on a Thermo Fisher (TF, Dreieich, Germany) Accela LC
system equipped with a heated electrospray ionization II source.
The stationary phase was a Phenomenex (Aschaffenburg,
Germany) Chirex3012 (250 mm � 4.6 mm, 5 mm) column and
the mobile phase consisted of ammonium formate buffer and
acetonitrile, both containing 0.1% of formic acid. For method B,
100 mL urine were incubated with 30 mL A. aerogenes solution for
2 h at 37 8C in a water bath prior to a combined liquid–liquid
extraction with ethyl acetate/cyclohexane (1:1, v:v) and chiral
derivatization with S-HFBPrCl approach. After a second derivati-
zation with HMDS, extracts were analyzed by GC–NICI–MS on an
Agilent Technologies (AT, Waldbronn, Germany) 6890 Series GC
system combined with an AT 5973 network mass selective
detector. Samples containing sulfate concentrations within the
calibration range of method A (DHMA sulfates 0.5–75 mM, HMMA
sulfate 0.2–67 mM) were reanalyzed using method B. For method
C, 100 mL of urine were processed and analyzed as described for
method B without enzymatic conjugate cleavage. All three
methods were fully validated including selectivity, recovery,
matrix effects, process efficiency, bias and precision, stabilities,
and limits of quantification and detection as described previously
[31].

2.5. Pharmacokinetic analysis

Maximum concentration (Cmax) and times of maximum
concentrations (tmax) without and with normalization to
100 mg/dL creatinine (Cmax100, tmax100) were determined for each
R- and S-stereoisomer. R/S ratios were calculated for MDMA, MDA,
DHMA, DHMA sulfate, HMMA, HMMA sulfate, and HMMA
glucuronide. The time interval after dosing for the first positive
sample was designated as the time of first detection (tonset); the
interval after dosing for the last positive sample was designated as
the time of last detection (tlast detection).

2.6. Cut offs for estimation of ingestion time

R/S ratios of all analytes were plotted versus time after
administration. Different R/S cut-offs were evaluated to divide
data into two groups: time of ingestion earlier or later than 24 h.
Percentages of samples fitted correctly to these groups at a chosen
R/S ratio were calculated.

2.7. Percentage of total excretion in human urine

Percentages of dose excreted as R- or S-stereoisomer in urine for
different time intervals (each 12 h) and total dose excreted over 5
days were calculated by summing amounts (mmol) excreted in
individual urine samples for each subject and divided by the
administered dose.

2.8. Statistical analysis

Statistical analysis was performed with a nonparametric
Wilcoxon matched pairs test with p < 0.05 (*), p < 0.01 (**),
p < 0.001 (***) with GraphPad Prism 5.00 software (GraphPad
Software, San Diego, CA).



Table 1
Median (range) maximum urine concentrations (Cmax) and times of maximum urine concentrations (tmax) of R- and S-stereoisomers in urine after low (1.0 mg/kg) and high

(1.6 mg/kg) oral MDMA.

Cmax (mM) tmax (h)

R S R S

MDMA Low 37.9 (18.4–66.9) 19.1 (11.7–39.0) 12.6 (6.0–16.6) 12.6 (6.0–16.6)

High 61.0 (24.2–179) 43.1 (11.8–104) 22.9 (3.1–30.4) 23.1 (4.0–30.8)

DHMA Low 0.8 (0.2–1.6) 0.4 (0.2–0.8) 12.8 (2.6–23.3) 13.2 (3.2–23.3)

High 0.9 (0.4–2.0) 0.4 (0.1–1.2) 23.2 (3.1–30.4) 22.9 (3.1–23.8)

DHMA sulfate Low 17.6 (7.6–30.7) 21.4 (8.4–38.9) 13.7 (7.5–25.5) 7.9 (1.5–23.3)

High 29.1 (16.4–44.6) 38.3 (20.1–62.1) 8.9 (3.1–30.4) 4.4 (3.1–23.0)

HMMA Low 1.4 (0.5–8.8) 2.1 (0.5–11.7) 4.5 (1.5–9.2) 4.5 (1.5–9.2)

High 3.6 (0.6–11.6) 4.6 (1.1–19.6) 3.9 (2.9–5.3) 3.9 (2.9–5.3)

HMMA sulfate Low 21.5 (8.1–37.2) 15.9 (6.5–33.8) 14.5 (5.4–23.3) 7.9 (2.1–23.3)

High 33.8 (14.5–48.4) 25.0 (9.3–37.9) 23.1 (3.1–30.4) 12.0 (3.1–23.8)

HMMA glucuronide Low 11.4 (2.5–27.0) 18.9 (2.0–56.4) 11.5 (4.9–23.3) 7.3 (2.1–16.6)

High 12.1 (2.8–22.2) 19.6 (2.7–39.2) 11.9 (3.1–30.4) 6.8 (3.1–23.0)

MDA Low 1.8 (0.9–5.4) 2.1 (1.2–6.9) 23.0 (10.6–25.5) 13.4 (1.8–25.5)

High 4.2 (1.5–9.2) 4.6 (1.6–12.5) 23.4 (11.3–30.4) 23.4 (11.3–30.4)
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Fig. 1. Median tmax (lines) of R- and S-stereoisomers of MDMA, HMMA, HMMA

sulfate, and HMMA glucuronide after a 1.6 mg/kg MDMA oral dose. Triangles and

circles represent tmax without and with creatinine normalization, respectively.
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3. Results

3.1. Pharmacokinetic analysis

Tables 1 and 2 summarize Cmax, tmax, Cmax100, and tmax100 for
each R- and S-enantiomer. Statistically significant differences were
observed for the enantiomers of all compounds except HMMA
sulfate after creatinine normalization. Higher median maximum
concentrations were noted for the R-stereoisomers of MDMA,
DHMA and HMMA sulfate with and without creatinine normali-
zation. Conversely, median Cmax and Cmax100 were higher for the S-
enantiomers of all other analytes. The S-enantiomer median tmax

were significantly earlier following the high dose for DHMA sulfate
(p < 0.05) and HMMA sulfate (p < 0.05). As shown in Fig. 1,
normalization to 100 mg/dL creatinine lead to less variation and
significantly decreased median tmax100 for all analytes except
HMMA, and eliminated significant differences in tmax for all phase
II metabolites.

3.2. Percentage of total excretion in human urine

Total urinary recovery over 5 days revealed significant
differences for MDMA, DHMA, HMMA, and HMMA conjugates
(Fig. 2). Total urinary recoveries were higher for R-enantiomers of
MDMA, DHMA and HMMA sulfate, and for S-enantiomers of
HMMA and HMMA glucuronide, but MDA and DHMA sulfate
enantiomers were close to unity and not significantly different.
Table 2
Median (range) maximum urine concentrations (Cmax100) and times of maximum urine concentrations (tmax100) normalized to 100 mg/dL creatinine of R- and S-stereoisomers

in urine after low (1.0 mg/kg) and high (1.6 mg/kg) oral MDMA administration.

Cmax100 (mmol/g creatinine) tmax100 (h)

R S R S

MDMA Low 49.0 (15.2–277) 34.9 (9.5–144) 8.4 (3.2–13.7) 7.4 (3.2–13.4)

High 140.8 (68.4–264) 111.0 (46.6–163) 6.5 (4.0–23.2) 5.6 (3.1–11.3)

DHMA Low 1.1 (0.5–5.7) 0.7 (0.2–5.3) 13.7 (2.6–87.8) 9.4 (2.6–87.8)

High 1.8 (0.4–4.3) 0.7 (0.3–4.4) 8.8 (1.2–62.4) 7.7 (0.9–23.2)

DHMA sulfate Low 57.0 (21.8–115) 85.9 (18.7–185) 7.9 (2.1–17.3) 5.7 (2.1–17.3)

High 81.7 (28.3–178) 112.1 (49.3–338) 4.5 (3.1–6.3) 4.8 (4.0–6.3)

HMMA Low 8.5 (0.3–21.5) 9.5 (0.4–28.0) 3.2 (1.5–7.3) 3.7 (1.5–8.5)

High 17.6 (2.3–61.6) 23.8 (4.2–96.6) 4.4 (2.9–11.3) 4.4 (2.9–11.3)

HMMA sulfate Low 49.9 (23.6–122) 46.0 (12.8–137) 5.7 (2.1–17.3) 5.7 (2.1–17.3)

High 63.5 (27.2–105) 53.8 (27.4–128) 4.40 (2.9–23.0) 4.5 (3.1–5.3)

HMMA glucuronide Low 31.2 (10.7–151) 51.3 (24.6–240) 4.7 (3.2–10.0) 4.7 (3.2–10.0)

High 39.5 (9.7–107) 84.3 (19.3–189) 5.2 (4.3–7.3) 5.1 (3.1–7.3)

MDA Low 2.5 (1.0–13.1) 3.0 (1.1–17.5) 13.5 (6.0–34.3) 12.9 (6.0–56.4)

High 3.8 (2.1–10.1) 6.3 (3.8–12.0) 10.3 (5.0–35.2) 7.8 (5.0–35.2)
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Fig. 2. Median percent dose excreted as R- (grey bars) or S- (white bars) stereoisomer for different time intervals (each 12 h) and total dose excreted in urine over 5 days

following the high (1.6 mg/kg) MDMA dose (left). Statistical analysis was performed with a paired, two-tailed t-test with p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). R/S ratios for

different time intervals (each 12 h) or over 5 days following the high (1.6 mg/kg) MDMA dose (right). The broken line represents equal amounts of R- and S-isomers.
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Changes in enantiomeric disposition were observed over time.
MDA, HMMA, DHMA sulfate, and HMMA glucuronide were mainly
excreted as S-enantiomers within the first 24 h after ingestion, but
higher percentages of R-enantiomers were noted after 24 h (Fig. 2,
left). Percentages excreted in urine showed large inter-subject
variation for all analytes, while R/S ratios over time revealed less
variation, with steadily increasing R/S ratios within the 48 h after
ingestion (Fig. 2, right part).

Initial R/S ratios were >1 for MDMA and DHMA, <1 for MDA,
HMMA, DHMA sulfate, and HMMA glucuronide, with no enantios-
electivity for HMMA sulfate. After 24 h, R/S ratios were >1 for all
analytes. No differences in enantiomeric disposition were ob-
served between low and high MDMA doses. In total, a significantly
greater percentage (p < 0.01) of MDMA dose was excreted in
human urine over 5 days as the R-stereoisomer (median 21% vs.
17%).

3.3. Estimation of ingestion time

R/S ratios for all analytes with concentrations >0.5 mM were
plotted versus time after administration (Fig. 3). No differences in
enantiomeric disposition were observed between low and high
MDMA doses. The following R/S cut-offs were chosen to divide data
into time of ingestion earlier or later than 24 h: R/S of 2 for MDMA,
HMMA sulfate, and HMMA glucuronide and R/S of 1 for MDA,
HMMA, and DHMA sulfate. Percentages of samples fitted correctly



[(_)TD$FIG]

Fig. 2. (Continued ).
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to these groups at a chosen R/S ratio were 87% (MDMA), 91%
(MDA), 93% (HMMA), 91% (DHMA sulfate), 96% (HMMA sulfate),
and 96% (HMMA glucuronide).

4. Discussion

Few data on enantioselective urinary excretion kinetics of
MDMA and its metabolites in human urine are available [32–35].
None determined enantiomeric ratios of all major metabolites
after controlled oral MDMA administration, and phase II metabo-
lite data are rare. The present study is the first to monitor
enantioselective excretion of phase I and II glucuronides and
sulfates after controlled oral MDMA administration to humans.
Direct analysis of intact conjugates was a prerequisite for assessing
the impact of glucuronidation and sulfation as individual
metabolic steps on a stereoselective excretion of MDMA. The
different conjugates represent individual chemical entities with
their own stereoselectivity and risk of toxicity or drug interactions.
All urine samples of the previous study [30] were stored at �20 8C
prior to analysis. A critical point might be the stability of the
analytes under these conditions. Long-term stability experiments
for phase II metabolites were previously conducted and showed no
instability over 6 months [31] and 13 months [21]. Long-term
stability of phase I metabolites was shown over at least 6 [36] and
10 months (data not shown). Furthermore, good correlation was
observed between the first analysis in 2009 [30] and the current
analysis indicating stability of the free analytes. Concerning the
phase II metabolites, instability should result in the formation of
the respective free drugs. However, concentrations of free drugs
were shown to be less than 5% of total DHMA and HMMA [21]
which further indicates a sufficient stability of the phase II
metabolites.

R- and S-enantiomer concentrations were determined for all
analytes; however, as previously shown [21], only MDMA, MDA,
DHMA, DHMA sulfates, HMMA, HMMA sulfates, and HMMA
glucuronides were excreted in human urine in substantial
amounts. Therefore, enantioselective data were focused on these
metabolites.

R- and S-enantiomer Cmax were determined with and without
creatinine normalization. Statistically significant differences be-
tween the two enantiomers were observed for all compounds,
except HMMA sulfate after creatinine normalization. As previously
described, creatinine normalization did not reduce inter-subject
Cmax variation [21], and had no impact on R/S ratios.

Higher R-enantiomer Cmax was observed for MDMA, DHMA and
HMMA sulfate, whereas S-enantiomers were higher for DHMA
sulfate, HMMA, HMMA glucuronide, and MDA (Table 1, Fig. 4).
Although in vitro data with human liver microsomes observed
preferences for S-DHMA formation, at Cmax in vivo, unconjugated R-
DHMA exceeded unconjugated S-DHMA. However, DHMA should
be considered an intermediate metabolite with only low con-
centrations. The majority of DHMA is further metabolized, either
by SULT1A3 to DHMA sulfates or COMT to HMMA, as shown in
Fig. 4. Both pathways revealed preferences for S-enantiomers in
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Fig. 3. R/S ratios in specimens with concentrations of analytes above 0.5 mM following 1.0 and 1.6 mg/kg MDMA doses. The vertical broken line represents 24 h; horizontal

broken lines represent R/S cut-offs for each analyte (R/S of 2 for MDMA, HMMA sulfate, and HMMA glucuronide; R/S of 1 for MDA, HMMA, and DHMA sulfate).
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vitro [26,28], which could explain the higher Cmax for the remaining
R-DHMA. HMMA conjugation to HMMA sulfate in vitro showed no
enantioselectivity [28], in line with the in vivo excretion data at
Cmax.

Although Cmax differed between the enantiomers, no significant
differences in tmax were observed after normalization to creatinine.
As shown in Fig. 1 for MDMA, HMMA, HMMA sulfate, and HMMA
glucuronides, creatinine normalization led to significantly de-
creased median tmax and less variation. Furthermore, differences in
median R- and S-enantiomer tmax for HMMA phase II metabolites
without creatinine normalization were not observed after creati-
nine normalization. Concerning the time of first detection, no
differences were observed for the two enantiomers. Generally,
detectability tended to be longer for R-enantiomers, although for
MDA, DHMA and HMMA no significant differences were observed.
For DHMA and HMMA sulfates, first and last detection times were
not determined, as only samples with sulfate concentrations
within the calibration range of the achiral measurement [21], were
reanalyzed after sulfate cleavage.

In racemic MDMA, molar amounts of R- and S-MDMA are the
same, therefore, the sum of all R- and S-stereoisomers excreted
should be equivalent with passage of enough time. However,
regarding total urinary recovery in human urine over 5 days, a
greater percentage of the MDMA dose was excreted in urine as the
R-stereoisomer (median 21% vs. 17%). Significant differences were
observed for MDMA, DHMA, HMMA, and HMMA conjugates
(Fig. 2). Enantiomeric preferences were the same as observed at
Cmax, with higher amounts of R-MDMA and R-DHMA and more S-
HMMA and S-HMMA glucuronide. Although, initially higher
concentrations of S-MDA and S-DHMA sulfate were observed,
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Fig. 4. Main MDMA metabolic steps in humans with stereo preferences for metabolites at Cmax. Solid bonds represent R-configuration, broken bonds S-configuration.
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there were no significant enantiomer differences in total urinary
recoveries. HMMA sulfate was not enantioselective at Cmax, but the
R-enantiomer predominated in total urinary recovery. Pizarro et al.
reported similar findings concerning MDA, with initial R/S ratios
<1, but comparable amounts of R- and S-enantiomers in total
urinary excretion over 72 h [25]. Furthermore, R/S HMMA ratios
determined after conjugate cleavage were about 1 after 24 h, and
about 2 in total [25]. They concluded that the lack of enantios-
electivity at the beginning and increasing R-HMMA excretion later
might be explained by enantioselectivity of COMT [25]. However,
as shown in the present study with independent analyses of
HMMA, HMMA sulfate, and HMMA glucuronide, only HMMA
sulfation, as the major phase II metabolic step, showed no
enantioselectivity at the beginning and increasing R/S ratios in
the later excretion phase.

In general, all metabolites exhibited changes in enantiomeric
disposition over time. For example, MDA was mainly excreted as
its S-enantiomer within the first 24 h after ingestion, transitioning
to higher percentages of R-enantiomer after 24 h. The same was
true for HMMA, DHMA sulfate, and HMMA glucuronide, with more
S-isomer within the first 12 h and more R-enantiomer over the
remaining excretion period (Fig. 2, left part). Generally, initial
stereoisomer preferences (0–12 h) mimicked those observed in
previous in vitro experiments [19,26–28]. In the later excretion
phase (after 24 h), R/S ratios were >1 for all compounds. This is
quite remarkable, as the enantiomeric ratios of at least one
metabolite should be reversed from that of MDMA. However, it
must be considered that urinary analysis reflects not only
metabolite formation, but also distribution and elimination
processes. Metabolism is represented mainly within the first
12–24 h, whereas later on, elimination is more relevant. One
explanation for the observed time-dependency could be substrate
availability. With increasing time, the amount of R- relative to S-
enantiomers could increase, leading to increased metabolism of R-
enantiomers, although affinity for S-enantiomers is higher.
However, this only applies for analytes with initial preferences
for S-enantiomers. On the other hand, distribution processes,
including transport protein availability, could play a major role in
enantioselective disposition and metabolite excretion.

Percentages excreted in urine showed large inter-subject
variability for all analytes, for example S-DHMA sulfate excreted
in the first 12 h ranged from 0.7 to 3.4%. However, R/S ratios over
time revealed less variation and a dependence on time after
ingestion, but not on MDMA doses (1.0 and 1.6 mg/kg) adminis-
tered (Fig. 3). Cut-off R/S values may distinguish between recent
(within 24 h) MDMA consumption and earlier ingestion. R/S cut-
offs�2 for MDMA, HMMA sulfate, and HMMA glucuronide, and�1
for MDA, HMMA, and DHMA sulfate correctly predicted time of
ingestion in more than 87% of all samples. The best results were
obtained with MDA and HMMA phase II metabolites; more than
95% of all samples accurately predicted the time of MDMA
ingestion. R/S ratios for DHMA and HMMA, as only minor
metabolites, were generally detectable only in the first 24 h after
ingestion, thereby providing further indication of recent MDMA
consumption. Fallon et al. [2] proposed a model for prediction of
MDMA ingestion time in human plasma, based on MDMA R/S ratios
and multiple regression analysis. These data are the first allowing
similar calculations in human urine. Of all metabolites, MDA R/S
ratios provided the best linear correlation to time after ingestion
within the first 48 h. However, for all estimations, only a single low
or high MDMA dose was administered. Further studies are
necessary to evaluate R/S ratios after multiple oral MDMA doses.

These are the first human urine data evaluating stereoselective
elimination of phase II MDMA metabolites. Differences in urinary
elimination of R- and S-enantiomers were observed for MDMA and
all metabolites, depending upon the time after administration. R/S
ratios could predict time after MDMA ingestion, thereby, improv-
ing urinary MDMA and metabolite interpretation in clinical and
forensic toxicology.
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