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Abstract 

The baboon is potentially an attractive animal for modeling 3,4-

methylenedioxymethamphetamine (MDMA) effects in humans.  Baboons self-administer 

MDMA, are susceptible to MDMA neurotoxicity, and are suitable for positron emission 

tomography, the method most often used to probe for MDMA neurotoxicity in humans. Because 

pharmacokinetic equivalence is a key feature of a good predictive animal model, we compared 

the pharmacokinetics of MDMA in baboons and humans.  Baboons were trained to orally 

consume MDMA.  Subsequently, pharmacokinetic profiles of MDMA and its major metabolites 

were determined following various oral MDMA doses using the same analytical method recently 

employed to carry out similar studies in humans.  Results indicate that the MDMA 

pharmacokinetics after oral ingestion differ markedly between baboons and humans.  Baboons 

had little or no MDMA in their plasma, but had high plasma concentrations of 3,4-

dihydroxymethamphetamine (HHMA), pointing to much more extensive first-pass metabolism 

of MDMA in baboons compared to humans.  Other less prominent differences included less O-

methylation of HHMA to 4-hydroxy-3-methoxymethamphetamine, greater N-demethylation of 

MDMA to 3,4-methylenedioxyamphetamine and a shorter half life of HHMA in the baboon. To 

our knowledge, this is the first study to characterize MDMA metabolism and disposition in the 

baboon.  Differences in MDMA pharmacokinetics between baboons and humans suggest that the 

baboon may not be ideal for modeling human MDMA exposure.  The unusually rapid conversion 

of MDMA to HHMA in the baboon, however, may render this animal uniquely useful for 

clarifying the relative role of the parent compound (MDMA) versus metabolites (particularly 

HHMA) in the biological actions of MDMA.
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Introduction 

(±) 3,4-Methylenedioxymethamphetamine (MDMA, Ecstasy) is a psychoactive drug with 

significant abuse liability and neurotoxic potential (Capela et al., 2009; Green et al., 2003; 

Kalant, 2001).  A recent national survey indicates that recreational MDMA use may be once 

again on the rise (Substance Abuse and Mental Health Services Administration., 2010).  In an 

effort to better understand effects of MDMA in humans, various laboratory animal models have 

been used to study the behavioral pharmacology and neurotoxicology of MDMA.  Intravenous 

self-administration of MDMA (a measure of abuse liability) has been demonstrated in baboons 

(Lamb and Griffiths, 1987), rhesus macaques (Beardsley et al., 1986; Fantegrossi et al., 2002; 

Lile et al., 2005) and rats (Schenk et al., 2007).  Likewise, neurotoxic effects of MDMA have 

been reported in baboons (Scheffel et al., 1998), rhesus monkeys (Kleven et al., 1989) and rats 

(Commins et al., 1987; Schmidt, 1987). 

 

Translating MDMA findings from laboratory animals to human MDMA users has proved 

challenging, for a number of reasons.  In most laboratory animal studies, MDMA has been 

administered parenterally (intravenously, intramuscularly, and subcutaneously) rather than 

orally, even though MDMA is nearly always ingested orally by people.  In addition, doses used 

in animal studies have generally been higher than those used by humans (Green et al., 2003).  

Although interspecies dose-scaling principles dictate that small laboratory animals will require 

higher mg/kg doses than humans to achieve the same pharmacologic effect (Mordenti, 1986), 

dose-scaling methods have been the subject of debate (de la Torre and Farre, 2004; Fantegrossi, 

2007).  A third factor complicating generalization of preclinical MDMA findings to humans has 

been the difference in MDMA metabolism across species.  In particular, MDMA is metabolized 
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via two main pathways that are co-existent, but operate at different rates in different species.  In 

rodents (rats, mice) N-demethylation of MDMA predominates, whereas in primates (human and 

nonhuman) ring demethylenation is more prevalent (Meyer et al., 2008) (Fig. 1).  

 

In order to circumvent uncertainties related to dose and metabolism, there has been recent 

interest in relating MDMA effects to plasma drug (and metabolite) concentrations, rather than 

only to MDMA dose (Mechan et al., 2006; Mueller et al., 2009).  With respect to neurotoxicity, 

studies taking this approach have shown that plasma MDMA concentrations that are associated 

with neurotoxicity in squirrel monkeys overlap those found in some recreational 'ecstasy' 

consumers (Morefield et al., 2011; Samyn et al., 2002), and are only two to three times higher 

than those produced by a single 100–150 mg dose of MDMA in humans (Kolbrich et al., 2008b; 

Mechan et al., 2006; Mueller et al., 2009a).  Related studies have also shown that the metabolism 

and disposition of MDMA in squirrel monkeys closely parallel those in humans (Mueller et al., 

2009a).  Given these findings, there is concern that the margin of safety of MDMA in humans 

may be narrow (at least with respect to neurotoxicity). 

 

To determine if the safety margin of MDMA in humans is, in fact, narrow, it would be 

ideal if a large primate animal model could be developed, one that metabolized MDMA in a 

manner similar to humans and one that could be studied with the same methods used to study the 

neurotoxic potential of MDMA in humans [e.g., positron emission tomography (PET)] (Kish et 

al., 2010; McCann et al., 2005).  In this regard, baboons offer significant promise because they 

are known to be susceptible to MDMA neurotoxicity (Scheffel et al., 1998),and because PET 
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imaging identical to that employed in recreational MDMA users has already been shown to 

reliably detect MDMA neurotoxicity in baboons (Scheffel et al., 1998; Szabo et al., 2002).   

 

Because pharmacokinetic equivalence is a key feature of a good predictive laboratory 

animal model (Mahmood and Balian, 1999), the present studies were undertaken to characterize 

the metabolism and disposition of MDMA in baboons and compare them to those in humans.  

Plasma MDMA and metabolite concentrations in baboons were determined using the same liquid 

chromatographic/mass spectrometric (LC/MS) procedure recently employed to measure MDMA 

and metabolites in humans (Mueller et al., 2009b).  MDMA was administered orally at doses 

selected to be equivalent to those used by humans.  To our knowledge, this is the first study to 

characterize the pharmacokinetic profile of MDMA and its metabolites [3,4-

dihydroxymethamphetamine (HHMA), 4-hydroxy-3-methoxymethamphetamine (HMMA), and 

3,4-methylenedioxyamphetamine (MDA)] in the baboon. 

 

Methods 

Animals:  Four (MO, BR, BO, and BS) adult male baboons (Papio hamadryas anubis) 

served as subjects.  Body weights of the animals were as follows: MO: 35.4 kg; BR: 32.3 kg; 

BO: 46.7 kg; BS: 27.3 kg.  Three of the baboons (MO, BR, BO) had a history of participation in 

previous behavioural pharmacology experiments which, for some of the animals, included 

exposure to cocaine, alcohol, gamma-hydroxybutyric acid, tryptamine derivatives, 

benzodiazepines or various non-benzodiazepine hypnotic sedatives (e.g., zolpidem).  The other 

baboon (BS) was drug-naive at the beginning of the present study.  For the animals with a drug 

history, at least four weeks had elapsed between participation in prior studies and the start of the 
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present study.  Animals were housed singly, with free access to food and water.  Animal care and 

use were in accordance with the US Public Health Service Policy on Humane Care and Use of 

Laboratory Animals and the US Animal Welfare Act Regulations.    

 

 Drugs and Reagents:  Racemic MDMA hydrochloride was obtained from Research 

Triangle Institute (Research Triangle Park, NC, USA) through the National Institute on Drug 

Abuse (Rockville, MD, USA).  Racemic HHMA hydrochloride and methanolic solutions (1000 

mg/l) of racemic MDMA hydrochloride and racemic MDA hydrochloride were purchased from 

Lipomed (Cambridge, MA, USA).  Methanolic solutions (1000 mg/l) of racemic HMMA and 

methanolic solutions (100 mg/l) of racemic MDMA-d5 and MDA-d5 were obtained from 

Cerilliant (Round Rock, TX, USA).  4-Hydroxymethamphetamine (pholedrine), 4-

methylcatechol, and ethylenediaminetetraacetic acid disodium salt dihydrate were obtained from 

Sigma-Aldrich (Saint Louis, MO, USA).  Sodium metabisulfite was obtained from E. Merck 

(Darmstadt, Germany).  Perchloric acid was obtained from J.T. Baker (Phillipsburg, NJ, USA).  

The authenticity of the MDMA, HHMA, HMMA, and MDA samples was confirmed using 

LC/MS methods to determine the corresponding pseudomolecular ions and at least one fragment 

ion for each compound.  Analysis was performed in full scan (mass range from 100 – 1000) to 

check for presence of possible impurities.  

  

 Drug treatment:  MDMA was administered orally.  To facilitate comparison to doses 

administered to humans, interspecies dose scaling (Mordenti and Chappell, 1989)  was used to 

calculate doses for each baboon estimated to be equivalent doses of 0.5, 1.6, 3.2, and 5.0 mg/kg 

in humans.  Actual doses in each baboon depended on the weight of each animal and were 
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approximately 0.6, 2.0, 3.9, and 6.1 mg/kg for MO, 0.6, 2.0, 4.0, and 6.3 mg/kg for BR, 0.6, 1.6, 

3.2 and 5.7 mg/kg for BO and 0.7, 2.1, 4.3, and 6.5 mg/kg for BS.  These doses were selected 

because they bracket doses previously tested in humans (de la Torre et al., 2000a; de la Torre et 

al., 2000b; Kolbrich et al., 2008a; Kolbrich et al., 2008b).  For interspecies dose scaling, the 

allometric equation, shown below, was used where D is the dose in mg, W is the weight of the 

animal in kg, and 0.7 is a commonly used (empirically derived) exponent: Dhuman = Danimal 

(Whuman/Wanimal)
0.7.  All doses were calculated as the salt form.  To achieve reliable oral dosing, 

baboons were habituated to the taste of quinine sulfate dissolved in the readily consumed orange 

drink TANG® by gradually increasing the concentration in 60 ml of TANG® presented at 

approximately the same time each morning (training phase) (Turkkan et al., 1989).  The solution 

was delivered to the baboon from the end of a 60 mL syringe held at the bars of the cage by a 

research technician familiar to the animal.  The quinine solution was followed by delivery of 10 

mL of unadulterated TANG®.  Once a baboon was reliably consuming 60 ml of 0.325 mg/ml of 

the quinine solution in less than 15 min (usually 5 min), MDMA dosing began (testing phase). At 

least 24 hours lapsed between the end of the training phase and the beginning of the testing 

phase. MDMA was dissolved in 60 mL of TANG® (without quinine).  Doses were administered 

in a mixed order within and across baboons; at least 8 and typically >14 days elapsed between 

doses.   

 

 Blood Sampling: To obtain blood samples, baboons were anesthetized with intramuscular 

injections of either ketamine hydrochloride or the commercially available solution of 50:50 

tiletamine hydrochloride and zolazepam hydrochloride (Telazol®); atropine sulfate was given to 

control secretions.  Preliminary studies showed no difference of MDMA metabolism after use of 
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either anesthetic.  In particular, a baboon was administered 1.3 mg/kg MDMA orally on two 

occasions, with an interval of two weeks between treatments each treatment.  Blood was 

collected as described below, the first time using ketamine hydrochloride as anaesthetic and the 

second time using Telazol®.  No differences were observed (data not shown).  After all doses 

tested, blood samples were taken at 0.125, 0.25, 0.5, 1, 2, 4, 8, and 12 h after MDMA 

administration.  The first 4 blood draws (i.e., those within the first hour) were collected after the 

first anesthetic dose; all subsequent blood draws took place after separate anesthetic dosages.  At 

each time point, at least 1.5 mL of blood was collected, via either the saphenous or cephalic vein 

into a tube containing EDTA as an anticoagulant.  Plasma was processed and stored as 

previously described (Mueller et al., 2009).   

 

 Measurement of plasma MDMA and metabolite concentrations:  Plasma MDMA, MDA, 

HHMA and HMMA concentrations were determined as recently described (Mueller et al., 

2009b).  The linear range for the method used in the present study was 20 – 1000 ng/mL for 

HHMA, HMMA, and MDMA and 10 – 500 ng/mL for MDA.  If values were found, after initial 

plasma analysis, to be above the calibration range, the corresponding plasma samples were 

diluted in the same way as samples for the determination of the above-calibration-range quality 

control samples (ACR QC) during the method validation procedure (Mueller et al., 2007), and 

were re-analyzed.  Values below the limit of quantification [LOQ, 20 ng/mL (HHMA, HMMA, 

and MDMA) or 10 ng/mL (MDA)] were assumed to be zero and treated as such for calculation 

of pharmacokinetics.  
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 Calculation of pharmacokinetic parameters:  Peak plasma concentration (Cmax), time of 

peak plasma concentration (Tmax), elimination half life (T1/2), and area under the concentration-

time curve (AUC) were calculated using the pharmacokinetic functions for Microsoft Excel 

(developed by Usansky et al., http://www.boomer.org/pkin/xcel/pkf/pkf.doc).  AUC was 

calculated using the linear trapezoidal rule starting at time zero and finishing at the last 

quantifiable point.   

 

Results 

MDMA:  Plasma time-concentration profiles of orally administered MDMA and its 

metabolites in baboons and humans are shown in Fig. 2.  The human data, shown for 

comparative purposes, are from recently published studies (de la Torre et al., 2000a; Kolbrich et 

al., 2008b; Mueller et al., 2009a).  As indicated above, doses in baboons are expressed as human 

equivalent doses (calculated using interspecies dose scaling methods – see Methods).  

Surprisingly, after the two lower MDMA doses (0.5 and 1.6 mg/kg), no MDMA was detected in 

baboon plasma (Fig. 2).  After the two higher doses (3.2 and 5.0 mg/kg), some MDMA was 

detected but levels were much lower than those found in humans given lower doses (Fig. 2, Tab. 

1).  For example, after administration of 3.2 mg/kg of MDMA to baboons, the Cmax of MDMA 

was approximately 100 ng/mL, whereas the Cmax of MDMA in humans receiving half the dose of 

MDMA (1.6 mg/kg) was more than twice as high (approximately 250 ng/mL).  In addition to 

these differences in Cmax, there were marked differences between AUC values of MDMA in 

baboons and humans.  This is illustrated by the fact that a five-fold higher dose of MDMA was 

required to generate comparable AUC values in baboons (1201 ng/mL after 5.0 mg/kg of 

MDMA) and humans (1389 ng/mL after 1.0 mg/kg of MDMA; see Tab. 1).  The time required to 
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reach peak MDMA concentrations (Tmax) also differed between the two species:  2.3 hours in 

humans compared to 7 hours in baboons (Tab. 1).  

 

HHMA:  After all MDMA doses, including the two doses that gave rise to no detectable 

MDMA in baboon, HHMA was readily detected in plasma of baboons (Fig. 2, Tab. 1).  Levels of 

HHMA in baboons were substantially higher than those in humans given an identical MDMA 

dose.  For example, after administration of the 1.6 mg/kg dose, the Cmax of HHMA in the baboon 

was nearly threefold higher than that in human (Tab. 1).  As shown in Fig. 2, HHMA levels in 

baboons rose as the dose of MDMA was increased from 0.5 to 3.2 mg/kg.  However, despite a 

dose increase of approximately 60% (from 3.2 to 5.0 mg/kg), the Cmax of HHMA remained 

relatively constant (Fig. 2, Tab. 1).  Similar to Cmax, after administration of equivalent doses 

(namely, 1.6 mg/kg), the AUC of HHMA in baboons was twice as high as in humans (Tab. 1).  

The T1/2 of HHMA in baboons was substantially shorter than that in humans (approximately 3 

hours versus 10 hours).  The Tmax of HHMA was approximately two-fold longer in baboons than 

in humans (Tab. 1).  

 

HMMA:  The Cmax of HMMA increased as the dose was increased from 0.5 to 3.2 mg/kg 

but then remained constant despite a further increase in MDMA dose from 3.2 to 5.0 mg/kg (Fig. 

2, Tab. 1).  After administration of equivalent doses (namely 1.6 mg/kg), the Cmax of HMMA in 

baboons was only approximately half of that in humans, while its AUC was one fourth of that in 

humans (Fig. 2, Tab. 1).  The relative proportion of HMMA to HHMA also differed between 

baboons and humans, with plasma levels of HMMA in baboons being only approximately one-

tenth of those of HHMA across the dose range tested (Fig. 2, Tab. 1).  Similar to the Tmax of 
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HHMA, the Tmax of HMMA was approximately two-fold longer in baboons than in humans (Tab. 

1).  

 

MDA:  Like MDMA, its N-demethylated metabolite, MDA, was only detected in baboon 

plasma after administration of the two higher MDMA doses (3.2 and 5.0 mg/kg) (Fig. 3, Tab. 1).  

As in humans, levels of MDA in the baboon were lower than those of MDMA.  However, the 

relative proportion of MDA to MDMA in baboons was greater than in humans (approximately 

20-60% versus 3-5 %) (Fig. 3, Tab. 1).  Because MDA was not detected in baboons after 

treatment with 1.6 mg/kg of MDMA, Cmax and AUC could not be directly compared between the 

two species.  In baboons, the Tmax of MDA was approximately 2 hours longer than that of 

MDMA (9-10 hours versus 7 hours, respectively) (Tab. 1).  As already seen with the parent 

compound and the other metabolites, the Tmax of MDA was longer in baboons, when compared 

to that of humans (Tab. 1).   

 

Extensive first-pass metabolism severely limiting the systemic bioavailability of MDMA 

was evident in all 4 baboons used in this study, including the animal (BS) without a prior drug 

history (Fig. 4). 

 

Discussion 

The major finding of the present study is that MDMA metabolism in baboons differs 

markedly from what has been reported in humans.  In particular, after oral ingestion of MDMA, 

first pass metabolism of MDMA to HHMA in the baboon appears to be much more rapid than in 

humans.  In baboons, MDMA doses that engender MDMA plasma levels ranging from 100 to 
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300 ng/ml in humans [0.5 to 1.6 mg/kg, (de la Torre et al., 2000a; Kolbrich et al., 2008b; Mueller 

et al., 2009a)] give rise to no detectable MDMA, but high HHMA levels.  An interesting and 

noteworthy consequence of the rapid first-pass O-demethylenation of MDMA in baboons is that, 

despite receiving MDMA, this animal is exposed to little or no MDMA, at least not after doses 

that engender substantial amounts of MDMA in humans.  Extensive first-pass metabolism, 

occurring after oral administration, that limits the systemic bioavailability of MDMA in baboons 

may render this animal ideal for determining which MDMA actions are related to the parent 

compound (MDMA) and which are related to its major metabolite, HHMA and other 

downstream metabolites (e.g., HMMA).  

   

As alluded to above, the present data indicate that HHMA is the major metabolite of 

MDMA in baboons.  HHMA levels in baboons far exceeded those of other MDMA metabolites 

(HMMA and MDA) (Fig. 2).  Of note, HHMA levels in baboons were 4- to 10-fold higher than 

those of MDMA (Fig. 2, Tab. 1).  This differs from what is seen in humans, where HHMA levels 

are typically lower than those of MDMA (Fig. 2).  One potential reason for the far more rapid 

conversion of MDMA to HHMA in baboons could be greater activity of the cytochrome P450 

2D6 (CYP2D6) ortholog in baboons, relative to humans.  Other possible explanations include 

higher amounts of the enzyme and/or the involvement of other CYP subtypes in catalyzing the 

O-demethylenation of MDMA in baboons.     

 

The pharmacokinetic profile of HMMA, the O-methylated product of HHMA, also 

differed between baboons and humans.  In particular, in baboons, HMMA plasma levels are 

substantially lower than those that have been reported in humans exposed to similar dosages of 
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MDMA (de la Torre et al., 2000a; Kolbrich et al., 2008b; Mueller et al., 2009a), possibly due to 

the decreased conversion of HHMA to HMMA in baboons.  Over the dose range tested in the 

current study, approximately 10% of HHMA was converted to HMMA in baboons, whereas in 

humans approximately 50% of HHMA undergoes metabolism to HMMA (resulting in a 1:1 ratio 

of HHMA to HMMA in humans) (Mueller et al., 2009a).  These observations suggest that 

catechol-O-methyltransferase (COMT)-mediated metabolism of HHMA to HMMA is less 

efficient in baboons than in humans (Fig. 2).  One possible explanation for the reduced formation 

of HMMA in baboons could be that the very high levels of HHMA saturate COMT (Meyer and 

Maurer, 2009).  However, in the present circumstance, this seems unlikely because HMMA 

levels would be expected to remain constant across the MDMA dose range tested, and this was 

not observed.  Rather, as the dose of MDMA was increased from 0.5 to 3.2 mg/kg, levels of 

HMMA also increased (Fig. 2), suggesting that overall decreased COMT activity, rather than 

COMT saturation, is the basis for the lower levels of HMMA in baboons when compared to 

humans. 

 

As in humans, MDA appears to be a relatively minor metabolite of MDMA in baboons.  

In fact, MDA was only detected in baboons after the two higher doses of MDMA tested (3.2 and 

5.0 mg/kg) (Fig. 3).  Of note, however, N-demethylation appears to be more efficient in baboon 

than in humans because, in baboons, approximately 20-60% of MDMA was converted to MDA, 

whereas in humans it is only 3-5% (Kolbrich et al., 2008b) (Fig. 3).  Higher enzyme activity 

and/or a greater amount of the enzyme system responsible for the formation of MDA in baboons 

may be the basis for this species difference. 
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Notably, as in other species, the pharmacokinetics of MDMA in baboons appears to be 

nonlinear.  That is, MDMA plasma levels rose to a higher degree than predicted by the increase 

in dose.  Specifically, when the dose of MDMA was further increased from 3.2 to 5 mg/kg, 

plasma MDMA levels rose by a factor of 2.56 rather than by the dose predicted factor of 1.56.  

This observation, coupled with the fact that HHMA levels remained constant (despite 

approximately a 60% increase in MDMA dose), point to nonlinear MDMA pharmacokinetics in 

baboons.  CYP2D6, the enzyme responsible for O-demethylenation of MDMA to HHMA in 

humans, has been shown to be susceptible to saturation and/or inhibition by MDMA (Heydari et 

al., 2004; Ramamoorthy et al., 2002), and this saturation/inhibition is thought to be responsible 

for the nonlinear MDMA pharmacokinetics observed in humans (de la Torre et al., 2000a; 

Kolbrich et al., 2008b; Mueller et al., 2009a) as well as in rats (Chu et al., 1996) and squirrel 

monkeys (Mueller et al., 2008).  The present observations indicate that the CYP2D6 ortholog in 

baboons is also susceptible to MDMA saturation and/or inhibition.   

 

Of note, the plasma concentration of MDMA at which MDMA metabolism to HHMA 

becomes saturated and/or inhibited (and MDMA pharmacokinetics become nonlinear) is 

approximately the same plasma concentration at which nonlinear MDMA pharmacokinetics 

becomes evident in humans (de la Torre et al., 2000a; Kolbrich et al., 2008b; Mueller et al., 

2009a), rats (Chu et al., 1996), and squirrel monkeys (Mueller et al., 2008).  An important 

consequence of MDMA pharmacokinetics becoming nonlinear at plasma levels engendered by 

typical pharmacological doses of MDMA is that high doses are not required to produce 

unexpectedly high MDMA plasma concentrations.  That is, seemingly small increases in dose 
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may result in unexpectedly high plasma MDMA concentration.  Such disproportionate increases 

in plasma MDMA concentration may give rise to unexpected toxicities.  

     

Differences in pharmacokinetics between baboons and humans do not generalize to other 

non-human primates.  In particular, squirrel monkeys metabolize MDMA in a manner that is 

highly similar to that in humans (Mueller et al., 2009a).  One of the few differences between 

humans and squirrel monkeys is that the T1/2 of MDMA in the squirrel monkey is shorter than in 

humans (2-3 hours versus 6-9 hours).  However, this difference is expected given the substantial 

difference in body mass between the two species (approximately 1 kg versus 70 kg), and the 

known fact that smaller animals metabolize drugs faster than larger animals (Mordenti, 1986).  

The different pharmacokinetics of MDMA in the baboon are unlikely to be related to the fact that 

it is an “Old World” rather than a “New World” primate (like the squirrel monkey) because 

rhesus monkeys, which are also “Old World” primates, display MDMA pharmacokinetics that 

appear to resemble those in humans (Banks et al., 2007).   

 

Potential limitations of the study should be acknowledged.  Three of the four baboons 

used in the present study had previous drug exposure.  In theory, prior drug exposure could have 

induced or altered hepatic enzyme activity in such a way as to contribute to the observed 

differences between baboons versus humans.  Mitigating against this concern, however, is the 

fact that the animals had been drug-free for at least 4 weeks.  Further, one baboon had no drug 

history and showed a similar profile of MDMA metabolism as the 3 baboons that had had prior 

drug exposure (Fig. 4).  Another potential limitation is that use of anesthesia in the baboon (to 

facilitate collection of blood samples) could have altered the metabolism and disposition of 
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MDMA.  However, there is no evidence that either of the anesthetic agents used in this study 

(Telazol®, ketamine) alters MDMA metabolism, and preliminary studies with Telazol® and 

ketamine yielded similar findings with regard to the metabolic pattern of MDMA (unpublished 

observation).   

 

It remains to be determined how the extensive first-pass metabolism that limits systemic 

bioavailability of MDMA in baboons relates to  previously reported biological effects of MDMA 

in this animal, namely, self-administration (Lamb and Griffiths, 1987) and neurotoxicity 

(Scheffel et al., 1998).  In this regard, it is important to note that both of the aforementioned 

studies (Lamb and Griffiths, 1987; Scheffel et al., 1998) involved repeated MDMA dosing.  

With repeated dosing, we suspect that there is inhibition/saturation of CYP2D6-ortholog-

mediated O-demethylenation of MDMA to HHMA, and that this leads to MDMA accumulation. 

Further, Lamb and Griffiths (1987) employed the intravenous route for their self-administration 

studies, thereby bypassing hepatic first-pass metabolism that occurs after oral administration.  

Thus, baboons in the above mentioned studies were in all likelihood exposed to a combination of 

MDMA and metabolites.  This makes it impossible to know if the observed effects were 

primarily related to the parent compound or one of its metabolites.   

   

In sum, the present results suggest that baboons may not be ideal for modeling human 

exposure to MDMA and its metabolites because the metabolism and disposition of MDMA in 

the baboon differ markedly from those in humans.  Nevertheless, the distinct pharmacokinetic 

profile of MDMA in baboons suggests that this laboratory animal may be extremely useful for 
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clarifying the relative role of parent compound versus metabolites in pharmacology and 

toxicology of MDMA. 

 
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 14, 2011 as DOI: 10.1124/jpet.111.180612

 at A
SPE

T
 Journals on A

pril 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #180612 

Acknowledgments 

 We thank Ms. Rebecca Rodgerson and Ms. Kelly Lane for their expert technical support 

in the execution of these studies. 

 
 
  
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 14, 2011 as DOI: 10.1124/jpet.111.180612

 at A
SPE

T
 Journals on A

pril 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #180612 
 

Authorship Contributions 

Participated in research design: Mueller, Goodwin, McCann, Ator, and Ricaurte.  

Conducted experiments: Mueller, Goodwin.  

Contributed analytic tools: Mueller, Goodwin.  

Performed data analysis: Mueller.  

Wrote or contributed to the writing of the manuscript: Mueller, Goodwin, Ator, McCann, and 
Ricaurte.  

Other: Ator, Ricaurte, McCann acquired funding for the research. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 14, 2011 as DOI: 10.1124/jpet.111.180612

 at A
SPE

T
 Journals on A

pril 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #180612 

References  

Banks ML, Sprague JE, Kisor DF, Czoty PW, Nichols DE, Nader MA. (2007) Ambient 
temperature effects on 3,4-methylenedioxymethamphetamine-induced thermodysregulation and 
pharmacokinetics in male monkeys. Drug Metab Dispos 35:1840-1845.  

Beardsley PM, Balster RL, Harris LS. (1986) Self-administration of 
methylenedioxymethamphetamine (MDMA) by rhesus monkeys. Drug Alcohol Depend 18:149-
157.  

Capela JP, Carmo H, Remiao F, Bastos ML, Meisel A, Carvalho F. (2009) Molecular and 
cellular mechanisms of ecstasy-induced neurotoxicity: An overview. Mol Neurobiol 39:210-271.  

Chu T, Kumagai Y, DiStefano EW, Cho AK. (1996) Disposition of 
methylenedioxymethamphetamine and three metabolites in the brains of different rat strains and 
their possible roles in acute serotonin depletion. Biochem Pharmacol 51:789-796.  

Commins DL, Vosmer G, Virus RM, Woolverton WL, Schuster CR, Seiden LS. (1987) 
Biochemical and histological evidence that methylenedioxymethylamphetamine (MDMA) is 
toxic to neurons in the rat brain. J Pharmacol Exp Ther 241:338-345.  

de la Torre R and Farre M. (2004) Neurotoxicity of MDMA (ecstasy): The limitations of scaling 
from animals to humans. Trends Pharmacol Sci 25:505-508.  

de la Torre R, Farre M, Ortuno J, Mas M, Brenneisen R, Roset PN, Segura J, Cami J. (2000a) 
Non-linear pharmacokinetics of MDMA ('ecstasy') in humans. Br J Clin Pharmacol 49:104-109.  

de la Torre R, Farre M, Roset PN, Lopez CH, Mas M, Ortuno J, Menoyo E, Pizarro N, Segura J, 
Cami J. (2000b) Pharmacology of MDMA in humans. Ann N Y Acad Sci 914:225-237.  

Fantegrossi WE. (2007) Reinforcing effects of methylenedioxy amphetamine congeners in 
rhesus monkeys: Are intravenous self-administration experiments relevant to MDMA 
neurotoxicity? Psychopharmacology (Berl) 189:471-482.  

Fantegrossi WE, Ullrich T, Rice KC, Woods JH, Winger G. (2002) 3,4-
methylenedioxymethamphetamine (MDMA, "ecstasy") and its stereoisomers as reinforcers in 
rhesus monkeys: Serotonergic involvement. Psychopharmacology (Berl) 161:356-364.  

Green AR, Mechan AO, Elliott JM, O'Shea E, Colado MI. (2003) The pharmacology and clinical 
pharmacology of 3,4-methylenedioxymethamphetamine (MDMA, "ecstasy"). Pharmacol Rev 
55:463-508.  

Heydari A, Yeo KR, Lennard MS, Ellis SW, Tucker GT, Rostami-Hodjegan A. (2004) 
Mechanism-based inactivation of CYP2D6 by methylenedioxymethamphetamine. Drug Metab 
Dispos 32:1213-1217.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 14, 2011 as DOI: 10.1124/jpet.111.180612

 at A
SPE

T
 Journals on A

pril 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #180612 

Kalant H. (2001) The pharmacology and toxicology of "ecstasy" (MDMA) and related drugs. 
CMAJ 165:917-928.  

Kish SJ, Lerch J, Furukawa Y, Tong J, McCluskey T, Wilkins D, Houle S, Meyer J, Mundo E, 
Wilson AA, Rusjan PM, Saint-Cyr JA, Guttman M, Collins DL, Shapiro C, Warsh JJ, Boileau I. 
(2010) Decreased cerebral cortical serotonin transporter binding in ecstasy users: A positron 
emission tomography/[(11)C]DASB and structural brain imaging study. Brain 133:1779-1797.  

Kleven MS, Woolverton WL, Seiden LS. (1989) Evidence that both intragastric and 
subcutaneous administration of methylenedioxymethylamphetamine (MDMA) produce serotonin 
neurotoxicity in rhesus monkeys. Brain Res 488:121-125.  

Kolbrich EA, Goodwin RS, Gorelick DA, Hayes RJ, Stein EA, Huestis MA. (2008a) 
Physiological and subjective responses to controlled oral 3,4-methylenedioxymethamphetamine 
administration. J Clin Psychopharmacol 28:432-440.  

Kolbrich EA, Goodwin RS, Gorelick DA, Hayes RJ, Stein EA, Huestis MA. (2008b) Plasma 
pharmacokinetics of 3,4-methylenedioxymethamphetamine after controlled oral administration 
to young adults. Ther Drug Monit 30:320-332.  

Lamb RJ and Griffiths RR. (1987) Self-injection of d,1-3,4-methylenedioxymethamphetamine 
(MDMA) in the baboon. Psychopharmacology (Berl) 91:268-272.  

Lile JA, Ross JT, Nader MA. (2005) A comparison of the reinforcing efficacy of 3,4-
methylenedioxymethamphetamine (MDMA, "ecstasy") with cocaine in rhesus monkeys. Drug 
Alcohol Depend 78:135-140.  

Mahmood I and Balian JD. (1999) The pharmacokinetic principles behind scaling from 
preclinical results to phase I protocols. Clin Pharmacokinet 36:1-11.  

McCann UD, Szabo Z, Seckin E, Rosenblatt P, Mathews WB, Ravert HT, Dannals RF, Ricaurte 
GA. (2005) Quantitative PET studies of the serotonin transporter in MDMA users and controls 
using [11C]McN5652 and [11C]DASB. Neuropsychopharmacology 30:1741-1750.  

Mechan A, Yuan J, Hatzidimitriou G, Irvine RJ, McCann UD, Ricaurte GA. (2006) 
Pharmacokinetic profile of single and repeated oral doses of MDMA in squirrel monkeys: 
Relationship to lasting effects on brain serotonin neurons. Neuropsychopharmacology 31:339-
350.  

Meyer MR and Maurer HH. (2009) Enantioselectivity in the methylation of the catecholic phase 
I metabolites of methylenedioxy designer drugs and their capability to inhibit catechol-O-
methyltransferase-catalyzed dopamine 3-methylation. Chem Res Toxicol 22:1205-1211.  

Meyer MR, Peters FT, Maurer HH. (2008) The role of human hepatic cytochrome P450 
isozymes in the metabolism of racemic 3,4-methylenedioxy-methamphetamine and its 
enantiomers. Drug Metab Dispos 36:2345-2354.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 14, 2011 as DOI: 10.1124/jpet.111.180612

 at A
SPE

T
 Journals on A

pril 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #180612 

Mordenti J and Chappell W. (1989) The use of interspecies scaling in toxicokinetics. in 
Toxicokinetics in New Drug Development (Yacobi A., Kelly J. and Batra V. eds) pp 42-96, 
Pergamon Press, New York.  

Mordenti J. (1986) Man versus beast: Pharmacokinetic scaling in mammals. J Pharm Sci 
75:1028-1040.  

Morefield KM, Keane M, Felgate P, White JM, Irvine RJ. (2011) Pill content, dose, and resulting 
plasma concentrations of MDMA in recreational "ecstasy" users. Addiction .  

Mueller M, Kolbrich EA, Peters FT, Maurer HH, McCann UD, Huestis MA, Ricaurte GA. 
(2009a) Direct comparison of (+/-) 3,4-methylenedioxymethamphetamine ("ecstasy") disposition 
and metabolism in squirrel monkeys and humans. Ther Drug Monit 31:367-373.  

Mueller M, Peters FT, Huestis MA, Ricaurte GA, Maurer HH. (2009b) Simultaneous liquid 
chromatographic-electrospray ionization mass spectrometric quantification of 3,4-
methylenedioxymethamphetamine (MDMA, ecstasy) and its metabolites 3,4-
dihydroxymethamphetamine, 4-hydroxy-3-methoxymethamphetamine and 3,4-
methylenedioxyamphetamine in squirrel monkey and human plasma after acidic conjugate 
cleavage. Forensic Sci Int 184:64-68.  

Mueller M, Peters FT, Maurer HH, McCann UD, Ricaurte GA. (2008) Nonlinear 
pharmacokinetics of (+/-)3,4-methylenedioxymethamphetamine (MDMA, "ecstasy") and its 
major metabolites in squirrel monkeys at plasma concentrations of MDMA that develop after 
typical psychoactive doses. J Pharmacol Exp Ther 327:38-44.  

Mueller M, Peters FT, Ricaurte GA, Maurer HH. (2007) Validated liquid chromatographic-
electrospray ionization mass spectrometric assay for simultaneous determination of 3,4-
methylenedioxymethamphetamine and its metabolites 3,4-methylenedioxyamphetamine, 3,4-
dihydroxymethamphetamine, and 4-hydroxy-3-methoxymethamphetamine in squirrel monkey 
plasma. J Chromatogr B Analyt Technol Biomed Life Sci 855:262-270.  

Mueller M, Yuan J, Felim A, Neudorffer A, Peters FT, Maurer HH, McCann UD, Largeron M, 
Ricaurte GA. (2009) Further studies on the role of metabolites in (+/-)-3,4-
methylenedioxymethamphetamine-induced serotonergic neurotoxicity. Drug Metab Dispos 
37:2079-2086.  

Ramamoorthy Y, Yu AM, Suh N, Haining RL, Tyndale RF, Sellers EM. (2002) Reduced (+/-)-
3,4-methylenedioxymethamphetamine ("ecstasy") metabolism with cytochrome P450 2D6 
inhibitors and pharmacogenetic variants in vitro. Biochem Pharmacol 63:2111-2119.  

Samyn N, De Boeck G, Wood M, Lamers CT, De Waard D, Brookhuis KA, Verstraete AG, 
Riedel WJ. (2002) Plasma, oral fluid and sweat wipe ecstasy concentrations in controlled and 
real life conditions. Forensic Sci Int 128:90-97.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 14, 2011 as DOI: 10.1124/jpet.111.180612

 at A
SPE

T
 Journals on A

pril 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #180612 

Scheffel U, Szabo Z, Mathews WB, Finley PA, Dannals RF, Ravert HT, Szabo K, Yuan J, 
Ricaurte GA. (1998) In vivo detection of short- and long-term MDMA neurotoxicity--a positron 
emission tomography study in the living baboon brain. Synapse 29:183-192.  

Schenk S, Hely L, Lake B, Daniela E, Gittings D, Mash DC. (2007) MDMA self-administration 
in rats: Acquisition, progressive ratio responding and serotonin transporter binding. Eur J 
Neurosci 26:3229-3236.  

Schmidt CJ. (1987) Neurotoxicity of the psychedelic amphetamine, 
methylenedioxymethamphetamine. J Pharmacol Exp Ther 240:1-7.  

Substance Abuse and Mental Health Services Administration. (2010) Results from the 2009 
national survey on drug use and health: Volume I. summary of national findings. Office of 
Applied Studies, NSDUH Series H-38A, HHS Publication No. SMA 10-4856Findings.  

Szabo Z, McCann UD, Wilson AA, Scheffel U, Owonikoko T, Mathews WB, Ravert HT, Hilton 
J, Dannals RF, Ricaurte GA. (2002) Comparison of (+)-(11)C-McN5652 and (11)C-DASB as 
serotonin transporter radioligands under various experimental conditions. J Nucl Med 43:678-
692.  

Turkkan JS, Ator NA, Brady JV, Craven KA. (1989) Beyond chronic catheterization in 
laboratory primates. in Housing, Care, and Psychological Wellbeing of Captive and Laboratory 
Primates. (Segal EF ed) pp 305-322, Noyes Publication, Park Ridge, New Jersey.  

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 14, 2011 as DOI: 10.1124/jpet.111.180612

 at A
SPE

T
 Journals on A

pril 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #180612 

Footnotes 

 This work was supported by The National Institute of Health grants [DA05707 (GR)], 

[DA-01796401 (GR)], and [DA-021616 (NA)] and by The National Institute on Drug Abuse 

Contract [NO1DA-8-7071 (NA)].  

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 14, 2011 as DOI: 10.1124/jpet.111.180612

 at A
SPE

T
 Journals on A

pril 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #180612 

Legend for Figures 

 

Fig. 1:  Metabolic pathways of MDMA, along with the associated microsomal enzymes. 

 

Fig. 2:  Relative proportions of MDMA and its O-demethylenated metabolites (HHMA and 

HMMA) in baboons and humans at various times after administration of different oral doses of 

MDMA.  Doses given to baboons were calculated to be equivalent to 0.5, 1.6, 3.2 and 5.0 mg/kg 

in humans (see Methods).  Human data are from Mueller et al. 2009a (1.0 mg/kg and 1.6 mg/kg; 

same analytic method) and de la Torre et al. 2000a (2.0 mg/kg; different analytic method).    

Values shown are the mean.  For sake of clarity error bars are not shown. *Subjects in the study 

performed by de la Torre et al. received 150 mg of MDMA, which equals a 2.0 mg/kg dose, 

assuming an average body weight of 70 kg.  

 

Fig. 3:  Relative proportion of MDMA to its N-demethylenated metabolite, MDA, in baboons 

and humans.  Data shown are from baboons that received MDMA at a dose of 3.2 mg/kg and 

humans that received MDMA at a dose of 1.0 mg/kg. These doses were compared because they 

produced comparable MDMA levels.  Human data are from Kolbrich et al. 2008a. Values shown 

are the mean.  For sake of clarity error bars are not shown.  

 

Fig. 4:  Individual plasma-concentration-time profiles of O-demethylenated MDMA metabolites 

(HHMA and HMMA) after administration of equivalent doses of MDMA (1.6 mg/kg) to 

different baboons.  Listed along with the individual plasma profiles is the history of prior drug 

exposure of each animal.  Three of the animals had drug histories (subjects 1-3); one had had no 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 14, 2011 as DOI: 10.1124/jpet.111.180612

 at A
SPE

T
 Journals on A

pril 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET #180612 

prior drug exposure (subject 4).  Note that MDMA and MDA were not detected in the plasma of 

any of the baboons after the 1.6 mg/kg dose of MDMA. Values shown are the mean.  For sake of 

clarity error bars are not shown. 
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Tab. 1  Comparison of pharmacokinetic parameters Cmax, AUC, Tmax, and T1/2 for MDMA and its metabolites in baboons and humans 
after administration of different oral doses of MDMA.  Doses consumed orally by baboons were equivalent to 0.5, 1.6, 3.2 and 5.0 
mg/kg in humans, which were, respectively, approximately 0.6, 2.0, 4.0, and 6.0 mg/kg for each baboon.  Values shown are the mean 
± SEM; except for the 2.0 mg/kg dose, where individual pharmacokinetic data are presented. Human data are from Mueller et al. 2009 
and Kolbrich et al. 2009 (1.0 mg/kg and 1.6 mg/kg) and from de la Torre et al. 2000 (2.0 mg/kg). *Note:  Subjects in the study 
performed by de la Torre et al. received 150 mg of MDMA, which equals a 2.0 mg/kg dose assuming an average body weight of 75 
kg. 

    

Human  Baboon 
Dose 

(mg/kg) 
Cmax 

(ng/mL) 
AUC 

(ng·h/mL)  
Tmax 
(h) 

T1/2 
(h) 

Analyte 
 

Cmax 
(ng/mL) 

AUC 
(ng·h/mL) 

Tmax 
(h) 

T1/2 
(h) 

Dose 
(mg/kg) 

           
1.0 147 ±10 1389 ±119 2.3 ±0.2 7.2  ±0.6 MDMA 0 0 0 0 0.5 

 146 ±12 1471 ±146 1.3 ±0.1 10.7±0.9 HHMA 331 ±91 1589 ±575 3.1 ±0.9 2.5 ±0.2  
 180 ±18 1759 ±92 1.4 ±0.1 9.8 ±1.1 HMMA 28 ±11 123 ±53 3.0 ±1.0 N/A  
 8 ±0.5 188 ±13 7.5 ±0.4 11 ±1.1 MDA 0 0 0 0  
           

1.6 255 ±20 3071 ±225 2.4 ±0.2 8.4 ±0.5 MDMA 0 0 0 0 1.6 
 152 ±11 1801 ±130 1.6 ±0.2 11.9 ±0.9 HHMA 694 ±104 4000 ±644 3.0 ±0.6 2.6 ±0.3  
 168 ±14 2060 ±109 1.7 ±0.1 13.7 ±1.3 HMMA 85 ±17 505 ±95 3.0 ±0.6 4.0 ±0.6  
 14 ±1.0 352 ±27 7.6 ±0.6 12 ±0.9 MDA 0 0 0 0  
           

2.0* 442 - 487 5133 - 5232 1.5 – 2.0 6.9 – 7.2 MDMA 97 ±49 631 ±357 7.0 ±1.0 N/A 3.2 
 Not Analyzed HHMA 1059 ±87 6896 ±465 4.5 ±1.3 4.6 ±1.6  
 Values Not Reported HMMA 135 ±22 859 ±109 5.5 ±1.5 2.9 ±0.5  
 34 - 31 590 - 374 4 - 10 37.3 – 23.2 MDA 59 ±16 334 ±96 9.0 ±1.9 N/A  
           
     MDMA 249 ±86 1201 ±458 7.1 ±2.5 N/A 5.0 
     HHMA 988 ±233 6081 ±1211 6.5 ±2.2 2.6 ±0.9  
     HMMA 131 ±31 723 ±143 7.0 ±1.9 2.8 ±0.3  
     MDA 58 ±27 256 ±147 10.7 ±1.3 N/A  
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