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Materials and methods 

Study hypothesis 

The primary hypothesis was that absence of CYP2D6 activity in PMs and decreased activity in IMs 
would lower the CYP2D6-mediated conversion of MDMA to HMMA compared with CYP2D6 EMs, thus 
increasing the concentrations of MDMA and MDA and toxicodynamic effects of MDMA. 

Study design 

This was a prospectively designed pooled analysis of eight double-blind, placebo-controlled, crossover 
studies in healthy subjects [1-8] including a total of 142 subjects. The prespecified primary endpoint of 
the pooled analysis was to assess the effects of polymorphisms in CYP2D6 on the PK of MDMA in all 
the 142 participants in all of the studies. In seven studies each including 16 subjects, a total of 112 
subjects received MDMA at a dose of 125 mg, placebo, one of eight pretreatments plus MDMA, or the 
pretreatment alone [1-6, 8]. In one study, 30 subjects received MDMA at a dose of 75 mg, placebo, or 
methylphenidate [7]. Washout periods between treatment periods were at least 7 days. Only data after 
the administration of MDMA alone without other treatments were included in this analysis and the 
washout was considered sufficiently long to exclude any effects of the other treatments on the effects 
of MDMA alone. All of the studies were registered at ClinicalTrials.gov (NCT00886886, NCT00990067, 
NCT01136278, NCT01270672, NCT013861177, NCT01465685, and NCT01771874). All of the 
studies were approved by the local ethics committee (Ethikkommission Basel) and the Swiss Agency 
for Therapeutic Products (Swissmedic) and conducted in accordance with the Declaration of Helsinki. 
The administration of MDMA in healthy subjects was authorized by the Swiss Federal Office for Public 
Health (BAG), Bern, Switzerland. Informed consent was obtained from all participants included in the 
studies.  

Subjects 

A total of 142 healthy European/Caucasian subjects, aged 18-45 years, were recruited from the 
University of Basel campus and participated in the study. One genotyping sample was missing, one 
participant did not give consent for genotyping, and a full concentration-time profile could not be 
obtained in one participant, resulting in data from 139 participants (69 male, 70 female, mean age ± 
SD: 24.9 ± 4.1 years; range: 18-44 years) that were included in the analysis. A total of 110 subjects 
(54 male, 56 female) received 125 mg MDMA (mean ± SD: 1.9 ± 0.3 mg/kg), and 29 subjects (15 
male, 14 female) received 75 mg MDMA (1.1 ± 0.1 mg/kg) [9, 2-4]. The exclusion criteria were a 
history of psychiatric disorders, physical illness, a lifetime history of using illicit drugs more than five 
times (with the exception of past cannabis use), illicit drug use within the last 2 months, illicit drug use 
during the study, determined by urine tests that were conducted before the test sessions, and the use 
of drugs that interact with CYP function. The detailed exclusion criteria were reported elsewhere [9, 2-
4].  

Study drug 

(±)MDMA hydrochloride (Lipomed AG, Arlesheim, Switzerland) was administered orally in a single 
dose of 125 or 75 mg. Similar doses are found in ecstasy pills [10] and have been used in clinical 
studies [11]. The dose range was 0.8-2.7 mg/kg (mean = 1.7 mg/kg). 

Blood sampling and drug analysis 

Blood samples were collected in lithium heparin tubes 0, 0.33, 0.67, 1, 1.5, 2, 2.5, 3, 4, and 6 h after 
administration of MDMA or placebo and immediately centrifuged. Plasma was stored at -20°C until 
analysis. Plasma concentrations of MDMA, MDA, and HMMA were determined as previously 
described [2, 5]. HMMA concentrations were determined twice after enzymatic deglucuronidation in 76 
subjects and as unconjugated HMMA levels in 124 of the 139 subjects. Both HMMA concentrations 
(unconjugated and total after deglucuronidation) were reported. The lower limit of quantification 
concentrations were 1 ng/ml for all analytes [2].  

Pharmacodynamic measures 

Blood pressure, heart rate, body temperature, and subjective drug effects were assessed repeatedly 
before and 0, 0.33, 0.67, 1, 1.5, 2, 2.5, 3, 4, 5, and 6 h after MDMA or placebo administration as 
previously described [9, 1]. Specifically, heart rate and systolic and diastolic blood pressure were 
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measured by an OMRON M7 blood pressure monitor (OMRON Healthcare Europe NA, Hoofddorp, 
The Netherlands) in the dominant arm after a resting time of 5-10 min with the volunteer sitting in bed 
with the back supported. Measures were taken twice per time-point with an interval of 1 min, and the 
average was used for analysis. Between measures subjects were allowed to engage in non-strenuous 
activities. Core (tympanic) temperature was assessed using a GENIUSTM 2 ear thermometer (Tyco 
Healthcare Group LP, Watertown, NY, USA). Subjective measures included Visual Analogue Scales 
(VAS). VAS included: “any drug effect” and “drug liking”. VAS were presented as 100 mm horizontal 
lines marked with “not at all” on the left and “extremely” on the right. Additional VASs were included in 
the individual studies.  

DNA extraction and genotyping  

Genomic DNA was extracted from whole blood using the QIAamp DNA Blood Mini Kit (Qiagen, 
Hombrechtikon, Switzerland) and automated QIAcube system. Genotyping was performed using 
commercial TaqMan SNP genotyping assays (LuBio Science, Lucerne, Switzerland).  

Alleles associated with normal (*2), reduced (*9, *10, *17, *29, and *41), no (*3, *4, *5, and *6), or 
enhanced CYP2D6 activity (*xN) were classified according to previous studies [12-14]. CYP2D6*3 
(rs35742686, 2549delA, assay:C_32407232_50), CYP2D6*4 (rs3892097, 184G>A, 
assay:C_27102431_D0, and rs1065852, 100C>T, assay:C_11484460_40), CYP2D6*6 (rs5030655, 
1707delT, assay:C_32407243_20), CYP2D6*9 (rs72549350, 2613-2615delAGA, 
assay:Hs00225796_CE), CYP2D6*10 (rs1065852, 100C>T, assay:C_11484460_40), CYP2D6*17 
(rs28371706, 1023C>T, assay: C_2222771_A0, and rs16947, 2850C>T), CYP2D6*29 (rs59421388, 
3183G>A, assay: C_3486113_20), and CYP2D6*41 (rs28371725, 2988G>A, assay: C_34816116_20, 
and rs16947, 2850C>T, assay: C_27102425_10). CYP2D6*2 was defined as rs16947, 2850C>T, 
assay: C_27102425_10 with no alterations in rs28371706 or rs28371725. CYP2D6 gene deletion 
(allele *5) and duplication/multiplication (allele *xN) were determined using the TaqMan Copy Number 
Assay (Hs00010001_cn and Hs04502391_cn).  

CYP2D6 Phenotyping 

CYP2D6 activity was determined 14 days before or after the administration of MDMA using the 
dextromethorphan (DM) / dextrorphan (DX) ratio in urine collected over 8 h after oral administration of 
DM (25 mg) [15, 16]. Poor-metabolizer were defined as DM/DX ≥ 0.3. Intermediate-metabolizer 
function was defined as 0.1 ≤ DM/DX < 0.3. Extensive metabolizer function was defined as ≤ DM/DX < 
0.1. We did not define UMs by phenotyping because these cannot be well separated from EMs [15, 
16] and because only two subjects were genotyped as UMs. The results of the phenotyping and 
genotyping were not known to the subjects or investigators during the conduct of the study.  

Pharmacokinetic analyses  

The plasma concentration data were analyzed using non-compartmental methods using Phoenix 
WinNonlin 6.4 (Certara, Princeton, NJ, USA). Peak plasma concentrations (Cmax) and the time to reach 
Cmax (Tmax) were obtained directly from the observed data. The terminal elimination rate constant (λz) 
for MDMA and HMMA was estimated by log-linear regression after semilogarithmic transformation of 
the data using at least three data points of the terminal linear phase of the concentration-time curve. 
The terminal elimination half-life (t1/2) was calculated using λz and the equation t1/2 = ln2/λz. The area 
under the concentration-time curve (AUC) from 0 to 6 h after dosing (AUC6) was calculated using the 
linear trapezoidal method. Plasma concentrations were only determined (shown) up to 6 h after MDMA 
administration because the aim of the study was to assess potential changes in MDMA plasma levels 
while relevant pharmacodynamics effects or MDMA are present. Effects of MDMA last only 6 hrs 
despite its longer presence in plasma due to acute tolerance, possibly because of monoamine 
depletion, resulting in no effect until monoamine stores are refilled [1, 2]. It was not possible to 
determine t1/2 for MDA because of its long t1/2, which would require sampling for an extended time. 

Statistical analyses 

The statistical analyses were performed using Statistica 12 software (StatSoft, Tulsa, OK, USA). 
Group differences were analyzed using one-way analysis of variance (ANOVA), with genotype, 
enzyme activity score, CYP2D6 phenotype, and sex as between-subjects group factors, followed by 
the Tukey post hoc test. To account for differences in body weight and dosing, plasma levels were 
dose-normalized to the mean dose of MDMA per actual body weight (1.7 mg/kg), and the mg/kg dose 
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of MDMA was included as a covariate in the analysis of pharmacodynamic effects. Data from the 75 
and 125 mg dose groups were analyzed together. Sensitivity analysis of the 125 mg dose subgroup 
alone revealed results that were similar to the analyses of the total sample. Adding, the eight pooled 
studies as covariate to the analyses yielded no interactions with the effects of the polymorphisms 
confirming the absence of confounding by study. Previous experience with MDMA or total illicit 
substances (excluding cannabis) did not moderate any of the outcomes. Because there were only two 
UMs in the present study and because the group was too small to be statistically characterized, the 
two UMs were included in the EM group with an activity score = 2. Spearman rank correlations were 
used to assess associations between variables.  

 

Additional results 

CYP2D6 phenotype-genotype concordance:  Six of the seven genetically determined PMs were 
phenotyped as PMs while one (*3/*3) was phenotyped as EM. Eight of the 19 genetically determined 
IMs were phenotyped as IMs, and 11 were phenotyped as EMs. Of the 113 subjects who were 
genotyped as EMs, 99 were congruently phenotyped as EMs, 11 were phenotyped as IMs, and three 
(*2/*4, *1/*4, *2/*5) were phenotyped as PMs (Table S1 ). The DM/DX ratio correlated with the 
MDMA/HMMA Cmax ratio and MDMA/HMMA AUC6 ratio (Rs = 0.52 and 0.52, respectively, both P < 
0.001, N = 76), indicating that both of these ratios consistently reflected CYP2D6 activity. 

Concentration-effect relationships: We tested whether differences in plasma concentrations of 
MDMA were linked to pharmacodynamic effects. Subjects with higher plasma MDMA levels presented 
greater cardiovascular and subjective effects. The elevations in systolic blood pressure at 1 h 
correlated with MDMA plasma concentrations at 1 h (C1)(Rs = 0.60, P < 0.001, N = 139) across 
subjects. Any drug effect at 1 h correlated with MDMA C1 (Rs = 0.50, P < 0.001). Similarly, drug liking 
at 1 h correlated with MDMA C1 (Rs = 0.33, P < 0.001).  

The MDMA/HMMA ratio at 0.6 h, which inversely reflects CYP2D6 activity, was associated with the 
MDMA-induced elevations in systolic blood pressure (Rs = 0.41, P < 0.001, N=76), any drug effect (Rs 
= 0.42, P < 0.001), and drug liking (Rs = 0.40, P < 0.001) at 0.6 h. The association remained significant 
for systolic blood pressure up to 1.5 h and for any drug effect and drug liking up to 4 and 6 h, 
respectively. The MDMA/HMMA AUC6 ratio correlated with the AUC values for any drug effect (Rs = 
0.44, P < 0.001) and drug liking (Rs = 0.43, P < 0.001), indicating greater overall psychotropic effects 
in subjects with lower CYP2D6 function. Similar associations were also present between the 
MDMA/unconjugated HMMA ratio and MDMA effects.  

  



  Schmid et al. Pharmacogenetics of MDMA 

5 
 

Supplementary Table 
 

CYP2D6 genotype PM IM EM EM EM UM F4,134 = P =

Activity score 0 0.5 1 1.5 2 3

subjects (n, total n=139) 7 19 33 17 61 2

subjects w ith low er dose (n, n=29) 0 11 3 7 8 0

Alleles (n)
*4/*4(5) 
*3/*3(1) 
*3/*5(1)

*4/*10(6) 
*4/*41(4) 
*5/*10(2) 
*5/*41(1) 

*10/*41(4)a 

*10/*10(1)a 

*4/*9(1) 

*1/*4(11) 
*1/*3(2) 
*1/*6(2) 
*2/*4(15) 
*2/*5(1) 
*9/*10(2)

*1/*41(4) 
*1/*10(2) 
*1/*9(3) 

*2/*10(3) 
*2/*41(5)

*1/*1(22) 
*1/*2(23) 
*2/*2(16)

*1/*2 
(x2)(2)

CYP 2D6 phenotype
PM (6)           
EM (1)

IM (8)                             
EM (11)

EM (28)               
IM (2)                   
PM (3)

EM (15)                      
IM (2)

EM (54)                            
IM (7) 

EM (2)

Dextromethorphan / dextrorphan 1.0±0.53 0.10±0.02*** 0.25±0.12*** 0.04±0.01*** 8.26 <0.001

Women (n, %) 3 (43) 8 (42) 17 (52) 12 (71) 0.87 0.49

Age 25.4±1.2 23.7±0.8 25.6±0.9 23.4±0.9 1.46 0.22

MDMA expirience (n, %) 3 (43) 4 (21) 5 (15) 4 (24) 0.72 0.58

Any substance expirience (n, %) 4 (57) 5 (26) 14 (42) 7 (41) 0.75 0.56

MDMA Cmax (ng/ml) 235±13 220±10 218±5 207±7 4.45 0.002

MDMA Tmax (h) 2.2±0.2 2.6±0.2 2.6±0.2 2.6±0.2 0.29 0.88

MDMA AUC6 (ng·h/ml) 1032±56 922±42 928±25 872±35 5.59 <0.001

MDMA t1/2 (h) 8.5±1.9 7.8±0.6 8.1±0.6 6.4±0.4 0.55 0.70

MDMA C0.3 8.3±3.3 30±18 9.6±3.5+ 7.3±3.1 3.09 0.019

MDMA C0.6 92.9±8.9 33.0±10* 58.0±8.7 46.5±12 3.05 0.019

MDMA C1 146±11 93±15 120±10 104±14 2.96 0.022

MDMA C1.5 202±13 156±17 168±9.6 157±14 2.46 0.049

MDMA C2 216±7.5 184±14 191±7.4 187±13 2.99 0.021

MDMA C2.5 232±13 211±12 196±6.7 191±12 4.87 0.001

MDMA C3 219±13 201±10 195±6.1 183±7.7 3.23 0.014

MDMA C4 187±15 192±8.1 185±5.9 174±5.9 2.19 0.074

MDMA C6 164±13 155±5.5 152±4.4 142±5.9 2.13 0.081

MDA Cmax 18.0±3.9 9.6±0.5*** 12.2±1.3* 11.5±0.7* 5.53 <0.001

MDA AUC6 61.8±8.2 39.9±2.1*** 44.8±2.8** 44.9±2.7* 5.73 <0.001

MDA Tmax 4.6±0.6 5.7±0.4 5.7±0.2 5.3±0.3 1.88 0.12

MDMA AUC6/MDA AUC6 20.3±5.5 24.8±2.3 23.2±1.4 20.3±1.4 0.88 0.48

HMMA Cmax 27.4±9.6 69.6±10 80.4±20 84.4±11 b4.00 <0.01

HMMA AUC6 118±38 266±31 363±91 427±64 b4.44 <0.01

HMMA Tmax 5.0±1.0 3.8±0.3 3.5±0.3 3.3±0.3 b4.96 <0.01

HMMA t1/2 8.2 10.9±1.5 10.3±1.0 9.6±1.0 c2.40 0.06

MDMA Cmax / HMMA Cmax 11.3±5.4 4.5±0.8** 4.2±0.6** 3.7±1.1** b7.91 <0.001

MDMA AUC6/HMMA AUC6 10.9±4.4 4.6±0.8* 3.8±0.5** 3.8±1.4** b6.97 <0.001

MDMA/HMMA C1.5 15.1±2.6 6.0±1.4** 4.1±0.6** 4.2±1.7** b8.67 <0.001

MDMA/HMMA C2 12.9±3.8 5.8±1.4 4.4±0.6* 4.8±1.7* b6.98 <0.001

MDMA/HMMA C3 10.7±4.6 5.1±1.2 4.2±0.6 4.2±1.5 b5.11 <0.01

MDMA/HMMA C4 8.7±3.6 4.6±1.0 3.9±0.7 4.1±1.4 b3.98 <0.01

MDMA/HMMA C6 9.9±5.0 3.5±0.6** 3.4±0.5** 3.6±1.0** b5.60 <0.001

40.0±1.3***

5.9±0.2

22.2±1.0

*P<0.05, **P<0.01, ***P<0.001 compared w ith PMs. +P<0.05, ++P<0.01, +++P<0.001 compared w ith IMs. asome investigators w ould
consider these combinations as EM. PM, poor metabolizer; IM, intermediate metabolizer; EM, extensive metabolizer; C, plasma
concentration at given time point; Cmax maximum plasma concentration, AUC, area under the plasma concentration-time curve; AUC6, 

AUC from time 0-6h; t1/2, plasma half-life; Tmax, time to reach Cmax. Values are means±SEM. bF4,71 (N=76; 2 PMs, 15 IMs, 14 EMs 1.0, 12
EMs 1.5, 33 EMs 2.0 and UMs). cF4,64 (N=69, 1 PM, 11 IMs, 13 EMs 1.0, 11 EMs 1.5, 33 EMs 2.0 and UMs).

128±12+

571±55++

2.7±0.2*+

7.9±0.4

2.1±0.2***+

2.0±0.2***+

2.0±0.2***++

2.0±0.2***++

2.1±0.3**+

2.2±0.3*

2.3±0.3***

182±3.8**

180±4.1*

171±4.1

141±4.2

10.2±0.3***

Table S1 . Effect of CYP2D6 activity on the pharmacokinetics of MDMA (n=139)

25.3±0.5

197±4*

2.5±0.1

823±16**

29 (46)

0.04±0.01***

12 (19)

21 (33)

143±6.5

169±4.6*

7.9±0.4

5.5±1.9++

42.4±5.3*

90±6.4
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CYP2D6 genotype PM IM EM EM EM UM F4,119 = P =

Activity score 0 0.5 1 1.5 2 3

subjects (n, total n=124)
4 18 30 15 56 1

HMMA unconj. Cmax 2.9±1.0 4.2±0.8 4.3±0.5 6.9±0.9 6.93 <0.001

HMMA unconj.  AUC6 11.9±4.0 17.7±2.8 17.7±2.1 29.2±3.9 7.45 <0.001

HMMA unconj. Tmax 2.6±0.2 2.4±0.3 2.0±0.1 1.95±0.3 5.02 <0.001

HMMA unconj. t1/2 9.0±0.8 9.6±1.7 7.6±0.8 6.6±0.5 1.13 0.35

MDMA Cmax / HMMA unconj. Cmax 124±65 81±15 65.0±6.8* 43.7 ±9.7** 9.46 <0.001

MDMA AUC6/HMMA unconj. AUC6 129±59 78.5±15 70.5±8.4 44.7±11 8.69 <0.001

MDMA/HMMA unconj. C1.5 136±58 64±14** 52±6.7*** 38±11*** 11.09 <0.001

MDMA/HMMA unconj. C2 142±66 76±17* 60±6.8** 43±10*** 9.51 <0.001

MDMA/HMMA unconj. C3 122±58 83±15 68±6.9 48±11* 8.1 <0.001

MDMA/HMMA unconj.  C4 108±47 84±15 71±7.4 51±10 6.18 <0.001

MDMA/HMMA unconj. C6 113±49 76±12 72±9.8 52±10* 6.12 <0.001

35.1±2.6***+++ 

35.1±3.2***++

26±2.2***++

*P<0.05, **P<0.01, ***P<0.001 compared w ith PMs. +P<0.05, ++P<0.01, +++P<0.001 compared w ith IMs. PM, poor metabolizer; IM,
intermediate metabolizer; EM, extensive metabolizer; C, plasma concentration at given time point; Cmax maximum plasma concentration,
AUC, area under the plasma concentration-time curve; AUC6, AUC from time 0-6h; t1/2, plasma half-life; Tmax, time to reach Cmax. Values are
means±SEM. 

33±2.8***++

39±2.9**++

44±3.5*++

43±2.7**+

Table S2 . Effect of CYP2D6 activity on unconjugated HMMA formation (N=124).

6.8±0.4++ 

28.9±1.5++ 

1.59±0.1++

7.7±0.5
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Supplementary Figures 
 
 
 
 

 
 

Figure S1. Metabolism of MDMA in humans. MDMA is O-demethylenated primarily by CYP2D6 to 3,4-
dihydroxymethamphetamine (HHMA), which is then O-methylated to 4-hydroxy-3-
methoxymethamphetamine (HMMA) by catechol-O-methyltransferase (COMT) [17-20], the main 
inactive metabolite of MDMA in humans [21, 22]. Additionally, MDMA is N-demethylated mainly by 
CYP1A2 and CYP2B6 and to a lesser extent CYP3A4 and CYP2C19 [17, 20] to the minor active 
metabolite 3,4-methylenedioxyamphetamine (MDA) [2, 21, 23]. MDA is O-demethylenated by CYP2D6 
to 3,4-dihydroxyamphetamine (HHA), which is then O-methylated by COMT to 4-hydroxy-3-methoxy-
amphetamine (HMA) [17]. 
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Figure S2. Effect of CYP2D6 on the PK of MDMA. (a, b) Cmax values of MDMA for different (a) 
CYP2D6 phenotypes predicted based on genotyping and (b) CYP2D6 activity score groups based on 
genotyping. (c) Plasma concentration-time curves of MDMA for different CYP2D6 activity score 
groups. (d, e) AUC6 values of MDMA for different (d) CYP2D6 genotypes and (e) CYP2D6 activity 
score groups (e). Plasma MDMA levels were higher in the activity score 0 group (PMs) compared with 
other activity scores up to 3 h (c). MDMA Cmax and AUC6 values were higher in PMs compared with 
the EM genotype (a, d) and the activity score 2 group (b, e). Within EMs, the activity score 1 group 
presented higher plasma levels of MDMA compared with the activity score 2 group (b, e). The data are 
expressed as mean ± SEM. The number of subjects per group is indicated below each value in (a) and 
(b). *P < 0.05, **P < 0.01. 
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Figure S3. Effects of predicted CYP2D6 phenotypes based on genotyping on the PK of MDA. (a, b) 
Cmax values of MDA for different (a) CYP2D6 predicted phenotypes and (b) genetically predicted 
CYP2D6 activity score groups (b). (c) Plasma concentration-time curves of MDA for different CYP2D6 
activity score groups. (d, e) AUC6 values of MDA for different (d) CYP2D6 genotypes and (e) CYP2D6 
activity score groups. Cmax and AUC6 values of MDA were higher in PMs compared with IMs or EMs 
and compared with all lower activity score groups. The data are expressed as mean ± SEM. The 
number of subjects per group is indicated below each value in (a) and (b). *P < 0.05, **P < 0.01, ***P 
< 0.001. 
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Figure S4.  Effects of predicted CYP2D6 phenotypes based on genotyping on the PK of HMMA. (a, b) 
Cmax values of HMMA for different (a) CYP2D6 genotypes and (b) genetically determined CYP2D6 
activity score groups. (c) Plasma concentration-time curves of HMMA for different CYP2D6 activity 
score groups. (d, e) AUC6 values of HMMA for different (d) CYP2D6 genotypes and (e) CYP2D6 
activity score groups. Cmax and AUC6 levels of HMMA were lower in subjects with lower CYP2D6 
function. Because the number of PMs was small, differences between PMs and the other groups did 
not reach significance. The data are expressed as mean ± SEM. The number of subjects per group is 
indicated below each value in (a) and (b). *P < 0.05, **P < 0.01.  
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Figure S5.  Effects of predicted CYP2D6 phenotypes based on genotyping on the PK of unconjugated 
HMMA. (a, b) Cmax values of HMMA for different (a) CYP2D6 genotypes and (b) genetically 
determined CYP2D6 activity score groups. (c) Plasma concentration-time curves of HMMA for 
different CYP2D6 activity score groups. (d, e) AUC6 values of HMMA for different (d) CYP2D6 
genotypes and (e) CYP2D6 activity score groups. Cmax and AUC6 levels of HMMA were lower in 
subjects with lower CYP2D6 function. Because the number of PMs was small, differences between 
PMs and the other groups did not reach significance. The data are expressed as mean ± SEM. The 
number of subjects per group is indicated below each value in (a) and (b). *P < 0.05, **P < 0.01, ***P 
< 0.001. HMMA indicates unconjugated HMMA concentrations.  
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Figure S6. Effects of predicted CYP2D6 phenotypes based on genotyping on the conversion of 
MDMA to HMMA (MDMA AUC6 / HMMA AUC6 ratio). (a, b) MDMA Cmax / HMMA Cmax ratios for 
different (a) CYP2D6 predicted phenotypes and (b) CYP2D6 predicted activity score groups. (c) 
Changes in MDMA-to-HMMA bioconversion over time for different CYP2D6 activity score groups. (d, 
e) MDMA AUC6 / HMMA AUC6 ratios for different (d) CYP2D6 genotypes and (e) CYP2D6 activity 
score groups. MDMA-to-HMMA ratios were lower in EMs compared with IMs and PMs, indicating 
higher MDMA-to-HMMA conversion in subjects with higher CYP2D6 function. The data are expressed 
as mean ± SEM. The number of subjects per group is indicated below each value in (a) and (e). *P < 
0.05, **P < 0.01, ***P < 0.001.  
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Figure S7. Effects of predicted CYP2D6 phenotypes based on genotyping on the conversion of 
MDMA to unconjugated HMMA (MDMA AUC6 / HMMA AUC6 ratio). (a, b) MDMA Cmax / HMMA Cmax 
ratios for different (a) CYP2D6 predicted phenotypes and (b) CYP2D6 predicted activity score groups. 
(c) Changes in MDMA-to-HMMA bioconversion over time for different CYP2D6 activity score groups. 
(d, e) MDMA AUC6 / HMMA AUC6 ratios for different (d) CYP2D6 genotypes and (e) CYP2D6 activity 
score groups. MDMA-to-HMMA ratios were lower in EMs compared with IMs and PMs, indicating 
higher MDMA-to-HMMA conversion in subjects with higher CYP2D6 function. The data are expressed 
as mean ± SEM. The number of subjects per group is indicated below each value in (a) and (e). *P < 
0.05, **P < 0.01, ***P < 0.001. HMMA indicates unconjugated HMMA concentrations.  
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Figure S8.  Hysteresis plot showing the biotransformation of MDMA to HMMA in the different CYP2D6 
phenotypes based on genotyping. The mean MDMA vs. HMMA plasma concentration profiles 
demonstrated three distinct curves for CYP2D6 EMs, IMs, and PMs. HMMA was formed to a lesser 
extent in subjects with reduced CYP2D6 function. HMMA concentrations were determined after 
enzymatic deglucuronidation. The data are expressed as means in two PMs, 15 IMs, and 59 EMs.  
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Figure S9. Dextromethorphan (DM)/dextrorphan (DX) ratio plotted against the genetically derived 
CYP2D6 activity score groups. The DM/DX ratio was significantly greater in subjects with a CYP2D6 
activity score of 0 (genetically defined PMs) compared with subjects with higher activity scores (***P < 
0.001). DM/DX ratios did not differ across activity scores of 0.5 to 3.0 (two subjects with a score of 3 = 
UMs were included in the 2.0 = EM group). The number of subjects in each group and the allelic 
distribution are shown in Table 1. The data are expressed as mean ± SEM. The number of subjects 
per group is shown below each value. 
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Figure S10 . The CYP2D6 phenotype derived from phenotyping using dextromethorphan moderated 
the pharmacokinetics of (a) MDMA, (b) MDA, and (c) unconjugated HMMA and (d) the MDMA/HMMA 
ratio similar to the CYP2D6 phenotypes based on genotyping shown in the main article (Fig. 1). Lower 
CYP2D6 function as in PMs resulted in (a) higher MDMA and (b) higher MDA but (c) lower HMMA 
plasma levels and (d) lower MDMA/HMMA ratios compared with higher CYP2D6 function as in EMs. 
CYP2D6 phenotype altered the Cmax of MDMA (F2,136 = 5.22, P = 0.007), with PMs showing a higher 
Cmax (236 ± 10 ng/ml) compared with EMs (204 ± 3 ng/ml, P = 0.017). CYP2D6 phenotype altered the 
AUC6 of MDMA (F2,136 = 7.45, P < 0.001), with PMs showing higher AUC6 values (1041 ± 49 ng/ml) 
compared with EMs (860 ± 14 ng/ml, P < 0.001) (a). CYP2D6 PMs exhibited higher AUC6 levels of 
MDA (56 ± 6 ng/ml) compared with IMs (39 ± 3 ng/ml) and EMs (42 ± 1 ng/ml; P = 0.004 and 0.001, 
respectively) (b). CYP2D6 phenotype moderated the Cmax of HMMA (F2,121 = 8.559, P < 0.001), and 
Cmax values were higher in EMs (6.2 ± 0.3 ng/ml) compared with IMs (4.2 ± 0.6 ng/ml) and PMs (2.2 ± 
0.7 ng/ml; P = 0.024 and P < 0.001, respectively). CYP2D6 phenotype influenced the AUC6 of HMMA 
(F2.121 = 9.84, P < 0.001), with higher values in EMs (26 ± 1 ng/ml) compared with IMs (17 ± 3 ng/ml) 
and PMs (8.6 ± 3 ng/ml; P = 0.014 and P < 0.001, respectively) (c). The Tmax and t1/2 of MDMA and its 
metabolites did not differ between the different CYP2D6 phenotype groups. CYP2D6 EMs had lower 
MDMA/HMMA AUC6 ratios (44 ± 3) compared with IMs (76 ± 15) and PMs (145 ± 34; P = 0.01 and P < 
0.001, respectively), and IMs also had lower ratios compared with PMs (P = 0.002), consistent with the 
differences in the MDMA/HMMA ratios at the different time points after drug administration (d). The 
data are expressed as mean ± SEM. Number of subjects per group: PMs = 9, IMs = 19, EMs = 111 in 
(a) and (b) and PMs = 7, IMs = 18, and EMs = 99 in (c) and (d). MDMA was administered at t = 0 h. 
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