




Data analysis
Peak (Emax and/or Emin) or peak change from baseline (� Emax) values were
determined for repeated measures. The values were then analyzed using
repeated-measures analysis of variance (ANOVA), with drug as the within-
subjects factor, followed by the Tukey post hoc tests using R 4.2.1 software
(RStudio, PBC, Boston, MA, USA). The criterion for significance was p < 0.05.

RESULTS
Subjective drug effects
Subjective effects over time on the VAS are shown in Fig. 1 and
Supplementary Fig. S1. Subjective peak responses and statistics
are shown in Table 1. S-MDMA produced overall greater subjective
effects than MDMA and R-MDMA at the doses used. Specifically, S-
MDMA induced significantly stronger “bad drug effects,” “altera-
tion of vision,” and “audio-visual synesthesia” than MDMA and
significantly stronger effects than 250mg R-MDMA on most VASs
including “stimulation”. Both R-MDMA doses induced lower effects
on “drug high,” “happy,” “content,” “talkative,” “open,” “trust,” and
“I feel close to others” than MDMA and S-MDMA (Fig. 1,
Supplementary Fig. S1, Table 1). Responses in female participants
were greater than in male participants due to lower body weights
in women (Supplementary Fig. S2 and Supplementary Table S2).
Responses in participants with and without previous MDMA
experiences did not differ (Supplementary Fig. S3 and Supple-
mentary Table S3). The mean effect duration was 3.5, 4.2, 4.7, and
5.2 h after the administration of 125mg R-MDMA, MDMA, S-
MDMA, and 250mg R-MDMA, respectively (Supplementary
Table S4). MDMA, S-MDMA, and 250 mg R-MDMA induced
comparable alterations of mind and mystical-type effects on the

5D-ASC and PES48/MEQ, respectively (Fig. 2, Supplementary
Fig. S4, statistics in Supplementary Tables S5 and S6). R-MDMA
and S-MDMA also similarly increased the 3D-ASC total score
reflecting comparable psychedelic effects (Supplementary
Table S5). On the AMRS, 250mg R-MDMA induced significantly
higher “Introversion” than MDMA, and S-MDMA induced more
“emotional excitation” than R-MDMA (Supplementary Fig. S5,
Supplementary Table S7).

Autonomic and adverse effects
Autonomic effects over time and related peak responses are
shown in Fig. 3 and Table 1, respectively. S-MDMA induced higher
increases in blood pressure than MDMA and R-MDMA. MDMA, S-
MDMA, and 250 mg R-MDMA increased heart rate and body
temperature comparably.
All substances produced similar acute and subacute adverse

effects on the List of Complaints (Table 1). Frequently reported
adverse effects included fatigue, headache, decreased appetite,
feeling dull, lack of concentration, and dry mouth (Supplementary
Table S8). All substances nominally increased self-ratings of
depressive mood on the BDI 1–3 days after substance adminis-
tration. Significantly higher ratings were seen for S-MDMA
compared with placebo, with no significant differences between
active drug substances (Table 1). No severe adverse events were
observed.

Endocrine effects
All substances increased plasma prolactin and cortisol compared
with placebo. S-MDMA increased plasma prolactin more than

Fig. 1 Acute subjective effects of 125mg MDMA, 125mg S-MDMA, 125mg R-MDMA, and 250mg R-MDMA on the Visual Analog
Scale (VAS). S-MDMA produced overall stronger subjective responses than MDMA, with significant differences in “bad drug effects,”
“alteration of vision,” and “audio-visual synesthesia.” R-MDMA at both doses produced overall lower subjective effects than MDMA, with
significant differences in “drug high,” “happy,” “content,” “talkative,” “open,” “trust,” and “I feel close to others.” The substances were
administered at t= 0 h. The data are expressed as the mean ± SEM percentage of maximally possible scores in 24 participants. The
corresponding maximal responses and statistics are shown in Table 1.
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MDMA and plasma oxytocin and cortisol more than MDMA and R-
MDMA (Supplementary Fig. S6, Table 1).

Plasma drug concentrations
Pharmacokinetic parameters are shown in Table 2. Concentration-
time curves are shown in Supplementary Figs. S7–S9. Elimination
half-lives (t1/2) for S-MDMA and R-MDMA were 5.1 and 11 h,
respectively, when racemic MDMA was administered. The half-life
of S-MDMA was 4.1 h when it was administered alone. The half-life
of R-MDMA was 12 and 14 h after administration of the 125 and
250mg doses, respectively (Table 2).

Correlations
Correlations between the drug plasma concentrations and
subjective, cardiovascular, cortisol, and prolactin responses are
shown in Supplementary Figs. S10–S13, respectively.

Blinding
Participants could not distinguish effects of the active substances
(Supplementary Table S9) after the treatment session or at the
end-of-study visit. Placebo was correctly identified by 83% of
participants after the study session.

DISCUSSION
The present controlled study was the first to directly compare
acute effects of MDMA, S-, and R-MDMA. As hypothesized, S-
MDMA induced greater subjective stimulation than R-MDMA.
However, at the doses used S-MDMA also had greater effects than
R-MDMA on many other mood scales. Contrary to our hypothesis,
R-MDMA did not produce greater psychedelic effects than S-
MDMA. We observed overall comparable effects of MDMA, S-
MDMA, and R-MDMA with regard to effect strength and quality of
the responses with minor differences. Specifically, S-MDMA
induced overall slightly stronger effects and significantly greater
bad drug effects, visual alterations, and synesthesia on the VAS,
comparable psychedelic- and mystical-type alterations of mind on
the 5D-ASC and MEQ, and comparable mood effects on the AMRS
compared with MDMA. S-MDMA produced greater increases in
blood pressure, cortisol, and prolactin compared with MDMA and
was the only substance to significantly induce depressive
symptoms 1–3 days after administration. The higher 250mg R-
MDMA dose produced lower subjective effects on most VASs,
comparable psychedelic-like alterations on the 5D-ASC and MEQ,
and more introversion on the AMRS compared with MDMA and S-
MDMA.
Evidence from animal studies and human reports indicates that

both enantiomers of MDMA are active and produce differential
effects or are even reportedly needed to synergistically produce
the full MDMA experience [13, 16, 17]. Based on animal data, we
expected that S-MDMA and racemic MDMA would be overall
equipotent in inducing stimulant-type and adverse effects in
humans [9, 13, 16, 33] and thus selected the same dose of 125mg
S-MDMA and MDMA for the present comparison. However, other
self-administration data in humans indicated that a 100mg dose
of S-MDMA induced similar “intoxication” to 125mg racemic
MDMA [21]. The present findings confirm a slightly higher potency
of S-MDMA compared with MDMA and indicate that a 100mg
dose of S-MDMA would be equivalent to a 125 mg dose of racemic
MDMA. Thus, the overall slightly greater subjective and cardios-
timulant effects of S-MDMA in the present study may mainly
reflect the 25% greater potency of S-MDMA compared with
MDMA rather than any qualitative differences between S-MDMA
and MDMA.
Nevertheless, supporting our primary hypothesis, S-MDMA

exhibited more cardio- and psychostimulant effects than MDMA
and R-MDMA in the present study, consistent with animal data
[11]. The stronger increase in blood pressure in response to S-Ta
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MDMA compared with R-MDMA may reflect the higher potency of
S-MDMA to interact with the norepinephrine-transporter and
release norepinephrine compared with R-MDMA [4, 34]. Addition-
ally, S-MDMA was the only substance to significantly produce
depressed mood ratings 1–3 days after drug administration, which
could reflect greater transient serotonin depletion [35]. In the
present study, we also observed significantly higher ratings of
“drug high” after the administration of S-MDMA compared with
R-MDMA. S-MDMA was found to be more potent than R-MDMA in
maintaining self-administration in rhesus monkeys [17], and
S-MDMA but not R-MDMA reinstated responding for ampheta-
mine, indicative of greater abuse liability [12, 19]. S-MDMA may be
more addictive in humans than R-MDMA, but we cannot exclude
the possibility that the small differences between substances in
the present study are dose-dependent rather than substance-
dependent.
R-MDMA was expected to elicit more psychedelic-like effects

compared with S-MDMA because of its higher potency to
stimulate 5-HT2A receptors [8]. However, in the present study,

R-MDMA did not produce more psychedelic-like effects on the 5D-
ASC or PES48/MEQ than S-MDMA or MDMA. Thus, we could not
confirm our hypothesis that R-MDMA induces more psychedelic-
like effects than S-MDMA at the doses used, although a higher
dose of R-MDMA would need to be investigated. On the other
hand, on the VAS, S-MDMA produced greater alterations of vision
and greater audio-visual synesthesia than MDMA and R-MDMA,
effects that would both be considered characteristic of psyche-
delics [36].
The therapeutic efficacy of MDMA might be enhanced by its

ability to promote prosocial behaviors, foster openness, and
facilitate a stronger therapeutic bond between the patient and
therapist [2, 37, 38]. Animal studies found increases in social
interaction in response to MDMA and higher doses of R-MDMA
but only weak or no prosocial effects of S-MDMA [15, 39]. In the
present first study in humans, all substances increased VAS ratings
of “talkative,” “open,” “trust,” “I feel close to others,” and “I want to
be with others” compared with placebo, but S-MDMA induced
higher ratings on all these scales compared with R-MDMA at both

Fig. 2 Acute mystical-type experiences on the 5 Dimensions of Altered States of Consciousness (5D-ASC) scale. MDMA, S-MDMA, and
250mg R-MDMA induced comparable alterations of mind. The data are expressed as the mean ± SEM percentage of maximally possible scale
scores in 24 participants. Statistics are shown in Supplementary Table S5.

Fig. 3 Acute autonomic effects. S-MDMA induced greater increases in blood pressure compared with MDMA and both R-MDMA doses.
MDMA, S-MDMA, and 250mg R-MDMA increased heart rate and body temperature comparably. The substances were administered at t= 0 h.
The data are expressed mean ± SEM in 24 participants. The corresponding maximal responses and statistics are shown in Table 1.
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Table 2. Pharmacokinetic parameters based on non-compartmental analyses [geometric mean (95% CI), range], N= 24.

Cmax (ng/mL) tmax (h) t1/2 (h) AUC24 (ng·h/mL) AUC∞ (ng·h/mL) CL/F (L/h) Vz/F (L)

125mg (±)-MDMA

(±)-MDMA 290 (263–320) 2.9
(2.5–3.5)

8.7
(7.6–10)

3274 (2881–3722) 4007 (3390–4738) 31 (26–37) 392 (364–422)

180–408 1.5–7.0 4.6–16 1659–5209 1735–7591 16–72 273–530

(±)-MDA 14 (12–17) 6.8
(5.9–7.7)

14
(11–18)

231 (197–271) 340 (231–500) 368 (250–540) 7492 (6114–9181)

6.8–28 3.0–9.0 8.0–29 95–455 112–1145 109–1115 4376–12,862

(±)-HMMA 141 (112–177) 2.9
(2.5–3.4)

12
(11–13)

1666 (1332–2084) 2274 (1814–2851) 55 (44–69) 943 (750–1186)

49–431 1.5–7.0 7.7–18 563–4876 648–6070 21–193 304–2456

S-MDMA 123 (111–137) 2.8
(2.4–3.4)

5.1
(4.7–5.5)

1051 (933–1186) 1111 (977–1263) 56 (49–64) 413 (379–450)

72–189 1.5–7.0 3.5–7.4 567–1571 574–1710 37–109 292–595

S-MDA 12 (10–14) 6.3
(5.5–7.3)

11
(9.3–13)

158 (128–197) 230 (187–283) 272 (221–334) 4311 (3632–5119)

5.8–24 3.0–9.0 7.0–17 37–315 144–449 139–433 2294–6726

R-MDMA 167 (151–184) 3.3
(2.7–4.1)

11
(9.1–13)

2224 (1944–2544) 2995 (2436–3681) 21 (17–26) 327 (301–356)

100–232 2.0–9.0 5.1–24 1092–3539 1166–6410 9.8–54 231–456

R-MDA 4.2 (3.6–5.0) 14
(11–18)

72 (58–89)

2.4–11 7.0–24 13–171

125mg S-MDMA

S-MDMA 239 (215–265) 2.8
(2.3–3.4)

4.1
(3.6–4.6)

1869 (1659–2106) 1917 (1680–2187) 65 (57–74) 382 (349–418)

137–413 1.0–8.0 2.3–7.4 949–2862 954–3051 41–131 253–606

S-MDA 21 (18–25) 5.6
(5.0–6.3)

8.0
(6.9–9.2)

261 (209–326) 349 (296–411) 358 (304–422) 4126 (3443–4944)

9.0–46 3.0–9.0 4.0–12 62–608 196–761 164–637 2045–8142

HMMA 175 (145–211) 3.6
(3.2–4.1)

7.7
(6.8–8.8)

1955 (1666–2294) 2293 (1973–2665) 55 (47–63) 609 (491–754)

71–421 1.5–7.0 4.8–13 822–3581 989–3768 33–126 249–1564

125mg R-MDMA

R-MDMA 335 (305–368) 3.2
(2.7–3.8)

12
(11–14)

4775 (4249–5366) 6869 (5803–8132) 18 (15–22) 328 (298–361)

209–463 2.0–7.0 6.6–32 2307–6916 2559–14771 8.5–49 199–550

R-MDA 8.2 (6.8–9.8) 16
(13–20)

146 (121–175)

3.4–18 7.0–24 61–337

HMMA 142 (105–191) 2.3
(1.8–2.8)

19
(17–22)

1631 (1300–2045) 2956 (2369–3688) 42 (34–53) 1181 (943–1479)

28–551 0.8–6.0 12–39 500–5026 730–7100 18–171 376–4297

250mg R-MDMA

R-MDMA 694 (638–755) 3.6
(2.9–4.3)

14
(13–16)

10,087
(9113–11,164)

15754
(13,939–17,805)

16 (14–18) 329 (302–358)

501–975 1.5–8.0 10–28 5770–15,780 10,049–29,136 8.6–25 203–466

R-MDA 16 (13–19) 22
(19–25)

273 (228–327)

7.7–41 8.0–24 120–725

HMMA 162 (128–203) 2.8
(2.3–3.4)

18
(16–21)

2020 (1672–2441) 3559 (2929–4325) 70 (58–85) 1840 (1513–2239)

60–539 1.5–8.0 7.2–35 908–5211 1450–8484 29–172 807–3958

AUC area under the plasma concentration-time curve, AUC∞ AUC from time zero to infinity, AUC24 from time 0 to 24, CL/F apparent total clearance, Cmax

maximum observed plasma concentration, T1/2 plasma half-life, Tmax time to reach Cmax, 95%CI 95% confidence interval, Vz/F apparent volume of distribution.
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doses. All substances produced comparable increases in ratings of
feelings of “connectedness” on the PES48 compared with placebo.
Thus, the present findings do not indicate greater prosocial effects
of R-MDMA compared with MDMA or S-MDMA.
Oxytocin has overlapping social cognitive effects with MDMA

[2, 40–42] and contributes to acute subjective effects of MDMA [1].
Cortisol and prolactin could be considered biomarkers of the
serotonergic activity of MDMA [43]. In the present study, all
substances increased circulating levels of oxytocin, cortisol, and
prolactin. S-MDMA produced greater increases in oxytocin and
cortisol compared with R-MDMA. S-MDMA also released prolactin
at least as effectively as R-MDMA, in contrast to a study in rhesus
monkeys [10]. The present findings align with stronger stimulation
of the serotonin system by S-MDMA compared with R-MDMA at
the doses used in the present study and are consistent with the
greater serotonergic potency (but not selectivity) of S-MDMA
compared with R-MDMA [4, 34].
Animal studies reported no hyperthermic effects of R-MDMA in

mice or rats [14–16]. However, we found similar minimal increases
in body temperature after S-MDMA and R-MDMA in the present
human study.
Based on preliminary human data, the potency of R-MDMA was

considered lower than MDMA and S-MDMA, with an effective dose
“that might lie in the vicinity of 300mg” [21]. Subjective effects of
the R-MDMA doses that were used in the present study were lower
than the 125mg MDMA and 125mg S-MDMA doses and indicate
that a 300mg dose may induce a comparable overall response to
125mg MDMA or 100mg S-MDMA. Thus, we would consider S-
MDMA to be 1.25-fold more potent than MDMA and R-MDMA to be
2.4-fold less potent than MDMA. The in vitro potency of S-MDMA to
release norepinephrine [34] or interact with the norepinephrine
transporter was 4-fold higher compared with R-MDMA, predicting
an approximately 4-fold higher potency in vivo [44].
Pharmacokinetics of R- and S-MDMA in humans have only been

described after the administration of racemic MDMA [45–47]. After
MDMA administration, R-MDMA had higher plasma concentra-
tions (Cmax and area under the curve) and an extended half-life
compared with S-MDMA [45–47]. The present study confirmed the
greater plasma exposure and longer elimination half-life of R-
MDMA compared with S-MDMA after the administration of
racemic MDMA. Additionally, the present study characterized
pharmacokinetics of S-MDMA and R-MDMA in the absence of
interactions with the other enantiomer. The elimination half-life of
S-MDMA was 4.1 h when it was administered alone but 5.1 h when
it was administered with R-MDMA in the form of racemic MDMA.
The elimination half-life of R-MDMA was 12 and 14 h for the 125
and 250 mg doses of pure R-MDMA, respectively, indicating an
increase with dose. Additionally, the formation of R-MDA from R-
MDMA was dose-proportional, whereas the formation of HMMA
from R-MDMA decreased with higher doses of R-MDMA. Although
the dose of R-MDMA was doubled from 125mg to 250mg, the
HMMA concentration did not double as well. Altogether, the data
confirm that R-MDMA inhibits CYP2D6, thereby inhibiting its own
inactivation to HMMA [48] similar to MDMA [49]. The present
findings that the half-life of S-MDMA becomes shorter when it is
administered without the R-enantiomer and that the HMMA
concentrations were elevated when S-MDMA was administered
compared with when R-MDMA was administered, indicating
potentially less inhibition of CYP2D6 by S-MDMA.
We also showed that MDMA and MDA in humans did not undergo

chiral inversion [32]. Thus, although HMMA was not enatioselectively
measured, it can be assumed that only S- and R-HMMA are formed
after S- and R-MDMA administration, respectively.
The present study has several strengths. A relatively large study

sample (n= 24) and powerful within-subjects comparisons were
used in a randomized double-blind design. Excellent blinding
between S-MDMA, R-MDMA, and MDMA was confirmed. Two
doses of the main substance of interest, R-MDMA, were included.

We also included equal numbers of male and female participants.
We used a wide range of internationally established psychometric
outcome measures. Plasma concentrations were determined at
close intervals in all participants and analyzed with validated
achiral and chiral methods [32].
Notwithstanding its strengths, the present study also has

limitations. To avoid too many exposures to MDMA, we had to
limit the use of doses for each substance. We used only one dose
of S-MDMA and only two doses of R-MDMA and failed to use
exactly equivalent doses of the different substances. Doses of
100mg S-MDMA and 300 mg R-MDMA would have been more
equivalent. Consequently, we cannot confirm whether the
observed differences between substances were attributable to
the use of non-equivalent doses or qualitative properties of the
substances. The study used a highly controlled hospital setting
and included only healthy volunteers. People in different
environments and patients with psychiatric disorders may
respond differently to these substances. The outcome measures
might not have been sufficiently sensitive to capture all aspects of
the substance experience and very subtle differences between
acute effects of MDMA and its enantiomers.

CONCLUSION
In conclusion, the present study found that racemic MDMA, S-
MDMA, and R-MDMA induced overall similar qualitative subjective
and adverse effects when dosed equivalently. S-MDMA may have
slightly greater stimulant-like properties than MDMA and R-
MDMA. The results indicate dose-equivalence with regard to
overall acute effects of 125mg MDMA, 100mg S-MDMA, and
300mg R-MDMA. The pharmacokinetic findings indicate that R-
MDMA dose-dependently inhibits CYP2D6 and thus its own
inactivation and the inactivation of S-MDMA when administered
as racemic MDMA. Overall, the present findings do not presently
indicate relevant beneficial effects of R-MDMA or S-MDMA over
MDMA in substance-assisted therapy in patients.
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