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2,5-GSH-HHA 2,5-(glutathion-S-yl)-3,4- dihydroxyamphetamine 

2,5-GSH-HHMA 2,5-(glutathion-S-yl)-3,4-dihydroxymethamphetamine 
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AP  amphetamine 

ARE   antioxidant response element 

BCRP  breast cancer resistance protein 

BFC  7-Benzyloxy-4-(trifluoromethyl)coumarin 
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HMMA  4-hydroxy-3-methoxymethamphetamine 

IL-8  interleukin 8 

IL-10  interleukin 10 
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LC-MS/MS liquid chromatography/tandem mass spectrometry 
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mCPP  chlorophenylpiperazine 

MDA  3,4-methylenedioxyamphetamine 

MDMA  3,4-methylenedioxymethamphetamine 
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MRP  multidrug resistance-associated protein 
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THP-1  human monocyte leukemia cell line 

TNF-α  tumor necrosis factor alpha 
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“All substances are poisons; there is none which is not a poison. The right dose 

differentiates a poison….” Paracelsus (1493-1541). 

Remarkably, fatality cases have been described after consumption of one MDMA 

tablet, when a dose of 40-50 tablets in a single occasion did not result in death 
1, 2

.  

 

But then, what could possibly make MDMA (“Ecstasy”) toxic? 

 

1. The drug of abuse: MDMA 

 

MDMA (3,4-methylenedioxymethamphetamine) is a ring-substituted phenylamine 

which was synthesized for the first time by the German company Merck in 1914. It was used 

in some trials by the United States Army between the 50s and 60s, and during the mid-70s 

MDMA was popular as a psychotherapeutic aid.  Nevertheless, in the late 70s the U.K. 

government declared MDMA into Schedule 1 of Misuses of Drugs Act. Later on, the United 

States Food and Drug Administration (FDA) placed MDMA into Schedule 1 of Controlled 

Substance Act in 1985 temporally and in 1986 definitely. This was a breaking point to raise its 

popularity 
1, 3

. From the mid-90s, a period of more intense MDMA consumption patterns 

started, particularly in “rave” parties scenery. Recent reports state that the global production 

in 2008 is estimated at around 57-136 tonnes, and the majority of production is located in 

Europe and in particular in The Netherlands and Belgium 
4
.  

The amount of MDMA found per tablet does not show a clear trend, although 

generally they contain between 80-150 mg/tablet 
5
. MDMA is commercially known as Adam, 

Bicky, E, Ecky, Ecstasy, X, or Yaoto-Wang 
6
. It became extremely “hot” among the young 

population from the mid-90s and is nowadays the second most commonly used illicit 

substance after cannabis, being mainly associated with nightclubs, dance music and some 

sub-cultures. Young people between 15-34 years are the target users with a European 

prevalence of 2.5 million within the last year and 8 million have used MDMA at least once 
4
. 

MDMA’s popularity probably increased due to its neurochemical actions which provide the 

“positive MDMA-effects”, such as a relaxed euphoric state, emotional openness, increased 

empathic sentiments and a general feeling of decreased inhibitions 
7
, together with its “low 

budget” accessibility, as reported by EMCCDA in the Annual report of 2010. Apparently, 

tablets are sometimes being sold for less than 2€, with a range of 4-10 €/tablet within the 

European countries 
4
.  

 

2. Adverse effects 

 

Although in the drug scene MDMA is thought to be safe, several adverse effects have 

been related to MDMA misuse that are clustered in moderate, acute and chronic clinical 

effects. Generally, these effects cannot be linked to the amount or frequency of MDMA use. 

Remarkably, fatality cases have been described after consumption of one tablet, while up to 

40-50 tablets on a single occasion did not cause mortality 
1, 2

. Although the fatality cases are 
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relatively few compared to the frequency of misuse, the toxicological potential and clinical 

relevance is of a major public health concern
8
.  

MDMA chronic effects have been related to its neurotoxic effects on central 

serotonergic neurons, which reduce the learning and memory capacity. They could ultimately 

lead to a major susceptibility to psychological disturbances and/or psychiatric diseases such 

as depression, panic disorder, obsessive-compulsive behavior and psychosis. Multiple case-

studies reported moderate effects like jaw clenching, dry mouth, decreased appetite, fatigue, 

muscle- and headache. Severe acute effects that have been related to MDMA misuse, such 

as tachycardia, hypertension, hyperthermia, intracranial hemorrhage, hepatotoxicity and 

even death 
7, 9-14

.  

In addition, evidence of MDMA-related idiosyncratic drug reactions have been 

observed in cases of severe liver damage, which stresses the importance of the liver as a 

major organ for detoxification of xenobiotics 
15, 16

. Likely, more cases of hepatotoxicity due to 

MDMA are subclinical and remain undetected. Subacute hepatotoxicity can ultimately lead 

to severe liver damage or drug-induced liver injury (DILI) with high patient morbidity and 

mortality rates 
17

. In general, two pathways appear to be involved in DILI: bioactivation of 

drugs leading to direct hepatotoxicity and adverse immune reactions 
17

. 

 

3. MDMA-induced liver toxicity  

 

The liver is a major target for MDMA-induced toxicity. Since, MDMA-bioactivation 

occurs primarily in the liver, rendering the hepatocytes to severe damage. Adverse MDMA-

mediated effects in the liver have been reported in case studies, such as jaundice, 

hepatomegaly, centrilobular necrosis, hepatitis and fibrosis 
2, 8, 18-20

. However, the mechanism 

of MDMA-mediated hepatotoxicity is not yet completely understood. The MDMA amount 

ingested and the interval between exposures seems not clearly correlated with the initiation 

of liver injury and severity of the symptoms (see case-studies reviewed in 
8
). In addition, large 

interindividual differences in susceptibility toward MDMA-induced hepatotoxicity have been 

observed. Besides factors such as the environment of drug consumption, hyperthermia, 

polydrug abuse (drug-drug interactions), the release of neurotransmitters, impairment of 

mitochondrial function and apoptosis, MDMA metabolism and immune responses have been 

suggested to play important roles in MDMA-induced hepatotoxicity 
5-10, 13, 21-23

.  

 

4. MDMA  metabolism: Pharmacokinetics and Pharmacodynamics  

 

MDMA-metabolism has been extensively studied in vivo 
24-33

 and in vitro 
12, 20, 28, 30, 33-

42
. The MDMA metabolic process leading to the toxicological endpoints (as for any other 

drug) is a balance between the pharmacokinetics and pharmacodynamics.  

Human studies with healthy volunteers exposed to different MDMA concentrations 

(50-150 mg) were screened to determine all pharmacokinetic parameters 
10, 25, 43, 44

. These 

data showed that the recovery after 24 hours was approximately 50%, independent of the 

dose administered. Following a 100 mg intake, the average time peak in plasma (tmax) was 
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around 2 hours and the elimination half life (t1/2) was about 8 to 9 hours. 3,4-

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

are the major MDMA-metabolites found in plasma and urine with an t1/2  over 11 hours 
43, 44

. 

De la Torre et al., demonstrated that separating MDMA clearance into renal and non-renal 

components different clearances rates applied. The renal clearance rate was constant while 

non-renal clearance was dose-dependent. Furthermore, upon administration of increasing 

MDMA doses, the non-renal clearance was reduced at higher doses, suggesting impairment 

of the MDMA hepatic clearance 
25

.   

 

4.1. Phase I metabolism 

 

The oxidative process of MDMA is catalyzed by several enzymes belonging to the 

cytochrome P450 (CYP450) family. Two main routes are involved (see figure 1.1): chain 

conversion by N-dealkylation is mainly catalyzed by CYP1A2 and to some extent by CYP2D6 

to 3,4-methylendioxyamphetamine (MDA) and/or O-demethylenation of the ring 

predominantly by CYP2D6 leading to 3,4-dihydroxymethamphetamine (HHMA) and 3,4-

dihydroxyamphetamine (HHA). HHMA and HHA are highly reactive catechol-metabolites. 

These catechol-metabolites can undergo redox cycling by being oxidized to the 

corresponding ortho-metabolites or ortho-semiquinone, thus generating multiple reactive 

oxygen species (ROS) and reactive nitrogen species (RNS) 
45

. ROS and RNS generate cellular 

oxidative stress by oxidating lipids, proteins and DNA 
46

. Moreover, the catechol-metabolites 

can be further oxidized, yielding aminochrome compounds and subsequently lead to the 

formation of dark-brown polymers of the melamine type 
12, 20

. Several authors demonstrated 

that these cathecol-metabolites and their derivates can ultimately cause liver injury 
7, 8, 10, 20, 

36, 47
. 

CYP2D6 is considered to be the most relevant enzyme in the formation of these 

catechol-metabolites, but this CYP450 only accounts for approximately 30% of MDMA 

metabolism 
10

. The CYP2D6 metabolic inhibition by MDMA itself has been proposed to be 

responsible for the non-linear kinetics and the subsequent autoinhibition of its own 

metabolism 
10, 25, 48, 49

. In support of this hypothesis, the HMMA recovery was constant 

following the administration to different MDMA doses. On the other hand, MDMA itself 

showed a disproportional increase in plasma and urine concentration 
25

. This non-linear 

kinetics of MDMA was also observed upon repeated MDMA exposure 
44

. Therefore, 

involvement of other hepatic CYP450 enzymes such as CYP1A2, CYP3A4, CYP2B6 and 

CYP2C19 has been reported but their implications on MDMA-mediated hepatotoxicity 

remain unclear 
10, 39, 40

.   

 

4.2. Phase II metabolism 

 

The enzymes involved in phase II metabolism of MDMA are mainly characterized by 

their antioxidant properties. Phase II MDMA-metabolism (see figure 1.1) includes oxidation 

to benzoic acid derivates (of MDA) and/or methylation by catechol-O-methyl-transferase 
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(COMT), glucuronidation, or sulfation of HHMA and HHA to 4-hydroxy-3-

methoxymethamphetamine (HMMA) and 4-hydroxy-3-methoxyamphetamine (HMA), 

respectively 
8, 10, 12, 20

.  

In addition, the ortho-metabolites (HHMA and HHA) in the presence of glutathione 

(GSH) and glutathione-S-transferase that facilitate its conjugation can generate conjugates 

such as 2-(glutathion-S-yl)-3,4-dihydroxymethamphetamine (2-GSH-HHMA), 5-(glutathion-S-

yl)-3,4-dihydroxymethamphetamine (5-GSH-HHMA), 2,5-(glutathion-S-yl)-3,4-

dihydroxymethamphetamine (2,5-GSH-HHMA), 2-(glutathion-S-yl)-3,4- 

dihydroxyamphetamine (2-GSH-HHA),  5-(glutathion-S-yl)-3,4- dihydroxyamphetamine (5-

GSH-HHA) and 2,5-(glutathion-S-yl)-3,4- dihydroxyamphetamine (2,5-GSH-HHA), respectively 
20, 23, 47, 50

. These ortho-metabolites and thioether-metabolites remain redox active, and 

several studies support their role mediating cytotoxicity in vivo and in vitro in different 

organs such as liver, brain, kidney and heart 
20, 47, 51-54

.  

 

4.3. Phase III metabolism 

 

Many drugs can passively diffuse through cell membranes because of their high 

lipophilicity. Once inside the cell, they can be oxidized by the phase I enzymes and further 

conjugated which increases their hydrophilicity (phase II metabolism). Transporters are 

important for the efflux of the formed drug metabolites from the cell; this process is 

commonly described as phase III metabolism 
55

. Furthermore, these transporters are crucial 

in drug absorption, distribution and excretion. ABC transporters are one of the larger family 

of efflux transporters including MDR (P-gp, MDR3, and BSPE) or BCRP or MRP (MRP1, MRP2, 

MRP3, MRP4, MRP5 MRP6, MRP7, MRP8 and MRP9), which import or export several 

endogenous and exogenous substances such as amino acids, ions, sugars, lipids, xenobiotics 

and therapeutic drugs 
55-57

. They are widely distributed over all tissues and organs, and in 

polarized cells such as hepatocytes they are located specifically according to their target 

function. MRP2, P-gp, MDR3, and BSPE are expressed in the canaliculi in the liver, to excrete 

compounds into the bile. Transporters such as MRP1, MRP1, MRP3, MRP4, MRP5 and MRP6 

are present in the basolateral membrane excreting conjugated compounds modified after 

oxidation (by phase I enzymes) into the blood stream which ultimately can lead to excretion 

into the urine 
55-57, 57

.  

A few studies have investigated the role of phase III transporters in MDMA-mediated 

toxicity; however some findings seem to be contradictory. MDMA has been suggested to 

passively diffuse membranes due to its small size and high lipophilicity 
58

. MDMA interaction 

with P-gp has been ruled out by some authors 
59

, although others suggest that it is present, 

since there is a common link between P-gp and the MDMA metabolizing enzymes CYP2D6, 

being both target of inhibitors such as the medicines ritonavir and quinidine among others 
60

. 

Interestingly, GSH conjugated metabolites are suggested to be excreted from the cells by 

MRP1. However, this transporter is not highly expressed in the liver 
61, 62

. As expected, 

MDMA metabolites which are conjugated to GSH were found to be actively transported by 

MRP1 in other tissues beside liver 
63

. However, other researchers demonstrated that these 
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GSH-conjugated metabolites could inhibit MRP1 and MRP2 in a concentration dependent 

manner. Nevertheless, studies in which specific transporter inhibitors were used indicate 

that following MDMA and/or MDMA-metabolites exposure interactions with these 

transporters can be expected 
59

. 

 

4.4. Regulation of metabolism by nuclear receptors 

 

Other important players in drugs metabolism are the nuclear receptors (NRs). They 

often regulate metabolizing enzymes (phase I and II), transporters (phase III) and other NRs 
56, 64, 65

. Upon ligand binding (drugs, xenobiotics, environmental chemical pollutants and 

nutritional ingredients) several of these NRs such as pregnane X receptor (PXR) (considered 

the major regulator of xenobiotics metabolism) are highly expressed in the liver and form a 

heterodimer with the 9-cis retinoic acid receptor (RXR). The dimer is transported to the 

nucleus where it binds to a specific recognition sequences on the DNA such as the 

xenobiotics response element (XRE) 
66-70

. PXR plays a key role in regulating the expression of 

CYP3A (phase I) but also GST (phase II) 
66, 71

, indicating its role in cellular oxidative stress 

responses
72

. Moreover, many therapeutic drugs can interact with PXR and consequently 

modulate for example, CYP3A expression in vitro 
68, 73, 74

 and in vivo 
74-76

 making it a target for 

drug-drug interactions (DDIs).  

Another popular NR (Nrf2) regulates the expression of genes which are involved in 

reducing oxidative stress. It recognizes specific sequences in the DNA such as the antioxidant 

response element (ARE) which triggers the expression of phase II enzymes such as glutamate 

cysteine ligase (γGCL) and GST among others 
55, 77-80

. 

Overall, PXR seems to be an interesting target for modulation of drugs 

pharmacokinetics, since beside phase I and II it also regulates phase III, rendering the 

hepatocytes into a very tight transcriptional regulation which ultimately would determine 

drug-mediated (adverse) effects 
55, 56, 81, 82

. 

 

5. MDMA and immune responses 

 

MDMA can cause drug-induced liver injury (DILI) and immune responses have been 

suggested to be involved in MDMA-induced hepatotoxicity 
7, 8, 83, 84

. The mechanism behind 

immune-mediated DILI is complex and involves several cells within the liver besides 

hepatocytes, such as Kupffer cells (KC), stellate cells and liver associated lymphocytes 
85

. 

Evidence of MDMA-related idiosyncratic drug reactions has been observed in cases of severe 

liver damage which could not be explained by the amount of MDMA ingested or the 

frequency of MDMA use 
15, 16

. Some case-studies concerning MDMA intoxications described 

activated KC and infiltrations with inflammatory cells (lymphocytes, neutrophils and 

eosinophils) in the liver 
16, 18, 19, 84, 86

. In contrast, in vivo data obtained from humans and 

laboratory animals indicated that MDMA inhibits the innate and adaptive immunity. More 

particularly, MDMA impaired neutrophil phagocytosis, reduced the amount of circulating 

lymphocytes, pro-inflammatory cytokines and chemokines (IL-1β, TNF-α, IL-2, IL-12, IL-15, 
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INF-γ, and CXCL10), and increased anti-inflammatory cytokines (IL-4, IL-6, IL-10, and TGF-β) 
21, 

87-94
.  

Interestingly, Pacifici et al., compared human MDMA users versus control group and 

observed a basal decrease of number of lymphocytes and T-cells CD4 T-helper cells. 

Furthermore, the NK population was increased, showing unbalance of immune homeostasis 

upon MDMA consumption 
90

. Others proposed that MDMA use could alter the immune 

cellular distribution by removing immune cells from peripheral blood and bone marrow, 

consequently accumulating in the spleen 
95

. Therefore, several authors suggested that 

MDMA consumers (especially after repeated doses) could be more susceptible to infectious 

diseases due to MDMA-mediated suppression of the immune system 
7, 90, 91, 96-98

. 

In addition, the peroxisome proliferator activated receptors (PPARs) have been 

suggested to regulate inflammatory responses. Three isoforms have been identified (PPARα, 

PPARβ/δ and PPARγ) presenting differential tissue expression and ligand specificity. PPARα is 

mainly expressed in liver, although it has also been detected in dendritic cells, macrophages 

and B and T lymphocytes 
99-102

. Upon activation with mitogen, PPARα ligands are important in 

the regulation of inflammatory responses through protein kinases phosphorylation, 

inactivation of nuclear factor-κB (NF-κB) and activator protein 1 (AP-1) together with the 

down-regulation of multiple pro-inflammatory mediators such as TNF-α, IL-8, iNOS 
99, 103-107

.  

Furthermore, PPARs share partnership with PXR by forming dimers with the retinoid X 

receptor (RXR). Moreover, PPARs seem to be regulated together with Nrf2 during activation 

of the antioxidant element responds. Overall, these nuclear receptors can be co-regulated by 

several factors, which suggest their relevance for the risk assessment upon drug exposure 
55, 

80
. 

 

6. Thesis scope 

 

The putative mechanisms underling hepatotoxicity are multiple and complex. Several 

studies indicate that MDMA can cause DILI, yet the mechanism remains unclear. In a number 

of cases, polydrug abuse and/or the administration of medicines during the treatment of 

MDMA intoxications could certainly raise the possibility of drug-drug interactions (DDIs), 

which might have contributed to the MDMA-mediated hepatotoxicity. In this thesis, the 

mechanisms of the hepatotoxic events induced by MDMA have been studied. 

 

Chapter 2 describes the MDMA metabolic pathway in the liver in order to address the 

role of specific enzymes involved in the MDMA-mediated hepatotoxicity. This was 

investigated in rat liver microsomes and in immortalized human liver epithelial cells (THLE) 

stably transfected with CYP1A2, CYP3A4 or CYP2D6. The catalytic activity and the cytotoxicity 

originated by these single enzymes were measured upon MDMA exposure. Moreover, 

metabolite formation following the single CYP450 activities was determined using LC-MS/MS 

analyses. The effects of the inhibition of phase II enzymes COMT and GSH/GST on MDMA-

induced cytotoxicity were studied.  
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Chapter 3 describes the interaction of MDMA with PXR and effects on CYP3A 

expression and activity in a hPXR-CYP3A4 reporter-based assay, primary rat hepatocytes and 

rat liver microsomes. Since drug-drug interactions (DDIs) often occur at the level of 

metabolizing enzymes or nuclear receptors that regulate these enzymes, the potential 

interactions on PXR and CYP3A were studied between MDMA and several other drugs of 

abuse and therapeutic drugs. These included drugs that are often prescribed to specific 

psychiatric patients which can be MDMA consumers or drugs used to treat MDMA 

intoxications, such as diazepam, phenytoin, clozapine, risperidone, fluoxetine, and 

paroxetine. Furthermore, we investigated the interaction of MDMA with some other 

recreational drugs that can be found in rave-parties pills, e.g. meta-chlorophenylpiperazine 

(mCPP), caffeine and amphetamine. 

 

Chapter 4 addresses the effects of MDMA and its metabolites on GSH/GSSG levels 

and the main enzymes involved, γglutamate cysteine ligase (γGCL) and glutathione-S-

transferase (GST), in an immortalized human liver epithelial cell line (THLE) and primary rat 

hepatocytes. In this study, the effect of N-acetyl-cysteine (NAC) and sulforaphane (SFN) 

supplementation was also investigated. NAC and SFN are two well-established antioxidant 

compounds that have been suggested to restore the cellular GSH pool under compromised 

oxidative stress. We determined changes in cell viability during exposure to MDMA or 

MDMA-metabolites alone or in combination with these antioxidants.  

 

Chapter 5 describes the role of immune cells on MDMA-induced hepatotoxicity by 

using in vitro monoculture and co-culture models of a classical human liver cell line (HepG2) 

and a human monocytic cell line (THP-1) or primary human peripheral blood mononuclear 

cells (PBMC). MDMA-mediated cytotoxicity and expression of pro-inflammatory cytokines 

(TNF-α and IL-8) and anti-inflammatory cytokine IL-10 were determined. Also, the interaction 

of MDMA with the peroxisome proliferator activated receptor alpha (PPARα) was studied, 

which is an important regulator of inflammatory responses.  

 

Chapter 6 reflects a discussion on the implications of the findings within this thesis. 
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Figure 1.1. Schematic overview of MDMA metabolism in the liver (adapted after de la Torre at 

al., and Carvalho et al. 
10, 20

). 
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Abstract 

 

Metabolism plays an important role in the toxic effects caused by 3,4-

methylenedioxymethamphetamine (MDMA). Most research has focused on the involvement 

of cytochrome P450 2D6 (CYP2D6) enzyme in MDMA bioactivation, and less is known about 

the contribution of other CYP450 and phase II metabolism. In this study, the differential roles 

of phase I cytochrome CYP450 enzymes CYP1A2, CYP3A4 and CYP2D6 and phase II enzymes 

glutathione-S-transferase (GST) and catechol-O-methyltransferase (COMT) on the toxic 

potential of MDMA have been researched. MDMA acts as inhibitor of its own metabolism 

with a relative potency of inhibition of CYP2D>CYP3A>>CYP1A in rat liver microsomes and in 

human liver (THLE) cells transfected with individual CYP1A2, CYP3A4 or CYP2D6. Cytotoxicity 

measurements (by MTT) in THLE cells showed that the inhibition of phase I enzymes CYP1A2 

by α-naphthoflavone and CYP3A4 by troleandomycin do not affect MDMA-induced 

cytotoxicity. MDMA metabolism by CYP2D6 significantly increased cytotoxicity, which was 

counteracted by CYP2D6 inhibition by quinidine. Inhibition of COMT by Ro-41-0960 and GST 

by BSO showed that COMT is mainly involved in detoxification of CYP2D6-formed MDMA 

metabolites, while GSH is mainly involved in detoxification of CYP3A4-formed MDMA 

metabolites. LC-MS/MS analyses of MDMA-metabolites in the THLE cell culture media 

confirmed formation of the specific MDMA metabolites and corroborated with the observed 

cytotoxicity. Our data suggest that not only CYP2D6 but also CYP3A4 plays an important role 

in MDMA bioactivation. In addition, further studies are needed to address the differential 

roles of CYP3A4 and GSH/GST in MDMA bioactivation and detoxification.  
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Introduction 

 

MDMA (3,4-methylenedioxymethamphetamine, “ecstasy”) is an illicit drug of abuse 

with stimulant and hallucinogenic properties. Chemically, it is a ring-substituted phenylamine 

derivate which became widely available in Europe at the beginning of the 1990s. The use of 

MDMA is mainly associated with nightclubs, dance music and some sub-cultures, and a 

significantly higher level of use is being reported among young people 
1
.  

Consumption of MDMA can lead to severe acute clinical effects such as tachycardia, 

hypertension, hyperthermia, intracranial hemorrhage, serotonin syndrome, and even death. 

Furthermore, reported chronic effects have been related to disruption of the serotonergic 

function 
2-6

. Cases of hepatotoxicity due to MDMA ingestion have also been reported, yet it is 

expected to involve many more cases which are subclinical and thus remain undetected. 

Subacute hepatotoxicity can ultimately lead to severe liver damage upon repeated exposure 

and MDMA can be considered to be a cause of drug-induced liver injury (DILI). 

In MDMA-induced hepatotoxicity, metabolism appears to play an important role and 

has been subject of several studies 
7-14

. MDMA metabolism involves two main routes: 1) O-

demethylenation of the ring leading to 3,4-dihydroxymetamphetamine (HHMA) and 3,4-

dihydroxyamphetamine (HHA) followed by methylation by catechol-O-methyl-transferase 

(COMT) to 4-hydroxy-3-methoxymethamphetamine (HMMA) or glucuronidation, or 

sulfatation and 2) chain conversion by N-dealkylation to 3,4-methylendioxyamphetamine 

(MDA) followed by oxidation to benzoic acid derivates (Figure 1).  

 

Human hepatic MDMA O-demethylenation and N-dealkylation is catalyzed by several 

cytochrome P450 (CYP) enzymes. CYP2D6 has been suggested to account for approximately 

30% of MDMA metabolism, but involvement of other hepatic CYP450 enzymes such as 

CYP1A2, CYP3A4, CYP2B6 and CYP2C19 has been reported 
15

. Yet the contribution of CYP3A4 

and CYP1A2 to MDMA metabolism and what metabolites are being formed by these enzymes 

is less clear 
7, 10, 16, 17

. Especially the reactive MDMA metabolites HHMA and HHA have been 

associated with a variety of toxic events, including hepatotoxicity 
18

. Therefore, knowledge 

about involvement of specific CYP450s in reactive metabolite formation is very important. 

Furthermore, genetic differences in CYP activity and/or expression might be responsible for 

the large differences in human susceptibility toward MDMA hepatotoxicity.  

At present, several questions about the pharmacology of acute toxicity of MDMA 

remain unanswered. Pharmacokinetics of MDMA follows a non-linear model which results in 

a disproportional MDMA increase in plasma; with increasing MDMA intake a relatively higher 

concentration of the parent MDMA is found in plasma compared with MDMA metabolites 
9
. 

This non-linear kinetic model presented for MDMA at high dose levels has been attributed to 

auto-inhibition or metabolic inactivation of CYP2D6 by the parent compound 
9, 19

.  
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Figure 2.1. MDMA, main metabolic pathway.  

 

In this study, we aimed for a better understanding of the role of MDMA metabolism in 

hepatotoxicity. MDMA metabolism was investigated in rat liver microsomes and in 

immortalized human liver epithelial cells (THLE) stably transfected with CYP1A2, CYP3A4 or 

CYP2D6. These CYP450 were selected because of their major relative abundance in the 

human liver 
20

 and contribution in MDMA metabolism. After exposure of the transfected 

THLE cells to MDMA, CYP enzyme activity was measured and cytotoxicity was determined. In 

addition, metabolite formation was demonstrated using LC-MS/MS analyses. Furthermore, 

the effect of the phase II enzymes COMT and GSH/GST on MDMA-induced cytotoxicity in 

THLE cells was studied.  
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Material and Methods 

 

Chemicals and reagents. D,L- Methylendioxymethamphetamine (MDMA), D,L-3,4-

Methylendioxyamphetamine (MDA), D,L-3,4-Dihydroxymethamphetamine (HHMA), D,L-4-

hydroxy-3-methoxy-amphetamine (HMA), were obtained from Duchefa-Farma (Haarlem, The 

Netherlands). Alpha-naphthoflavone (α-NF), Quinidine (QUI), Troleandomycin (TAO), 2′-

Fluoro-3,4-dihydroxy-5-nitrobenzophenone (RO 41-0960), Buthionine sulfoximine (BSO), 

3,(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and Methoxyresorufin 

(MTR) were purchased from Sigma (St. Louis, MO, USA), 7-Benzyloxy-4-

(trifluoromethyl)coumarin (BFC), and 3-[2-(N,N-Diethyl-N-methylammonium)ethyl]-7-

methoxy-4-methylcoumarin (AMMC) were obtained from BD-Gentest.  

 

Rat liver microsome fractions. The liver was obtained from a healthy male rat and 

stored at -70
o
C. Tissue samples were weighed and homogenized in 10 ml TRIS-HCl buffer 

(TRIS-HCL 50 mm: 1.15% KCl, pH 7.4) per g tissue, using a Potter-Elvehjem Teflon-glass 

homogenizer. Afterwards, samples were centrifuged at 10,000 rpm for 25 min at 4
o
C. 

Subsequently, supernatants were pipetted into a clean ultra-centrifuge tube and centrifuged 

for 1:15h at 30,000 rpm at 4
o
C to separate the microsomal (pellet) from the cytosolic 

(supernatant) fractions. Pellets were resuspended in 1 ml sucrose solution (0.25 M) per g of 

original tissue. Aliquots of the microsomal fractions were stored at -70
o
C until used for 

analysis. Protein contents of isolated microsomes were calculated according to the method 

of Lowry using bovine serum albumine (BSA) as protein standard 
21

.  

 

Cell culture. Immortalized human liver epithelial cell line (THLE) are cells, stably 

transfected with either CYP1A2, CYP3A4 or CYP2D6 genes, and were kindly provided by 

Nestec Ltd. (Lausanne, Switzerland). Cells were cultured on fibronectine/collagen-coated 

flasks in 1:1 Dulbecco’s modified Eagle medium/Ham’s F-12 nutrient mix (DMEM/F12, Gibco 

11039-021) supplemented with 0.33 nM retinoic acid (Sigma R2625), 50 nM 3,3’,5-Triiodo-L-

thyronine sodium salt (T3, Sigma T5516), 5 ng/ml human Epidermal Growth Factor (EGF, 

Sigma E9644), 15 µg/ml Bovine Pituitary Extract (BPE, Invitrogen 13028-014), 0.2 μM 

Hydrocortisone (Sigma H4881),500 nM Ethanolamine (Sigma E0135), 0.3% Albumin from 

bovine serum (BSA, Sigma A7888), 1% Insulin-Transferrin-Selenium (ITS, Gibco 41400), 1% 

Sodium Pyruvate (Gibco 11360), 1% Non-essential amino acids (NEAA, Gibco 11140), 100 

U/ml penicillin and 100 μg/ml streptomycin (Gibco 15140). Cells were cultured at 37
o
C in a 

humidified atmosphere at 5% CO2. 

 

Phase I enzyme activity in rat liver microsomes. CYP450 activities were determined 

by incubating rat liver microsomes (34 μg/well and 68 μg/well for CYP3A2 and CYP2D1, 

respectively) with 0.5 M phosphate buffer, pH=7.4, containing NADPH-regenerating system 

(20 mg/ml NADP (CYP3A2) or 1 mg/ml NADP (CYP2D1), 20 mg/ml Glucose 6-phosphate, 13.3 

mg/ml MgCl2 and 40 U/ml G6PDH). To measure CYP3A2 activity, microsomes were 
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preincubated during 10 min at 37
0
C with α-NF and QUI. Microsomes used to study CYP2D1 

activity were also preincubated with α-NF and TAO. Enzyme substrates were 50 μM BFC 

dissolved in acetonitrile (CYP3A2) or 1.5 μM AMMC dissolved in acetonitrile (CYP2D1). After 

30-min. incubation at 37
0
C, the reactions were stopped by adding 75 μl of 20% 0.5 M Tris-

base in 80% acetonitrile. To measure CYP1A2 activity, previously we preincubated 

microsomes during 10 min at 37
0
C with TAO and QUI and we performed a methoxyresorufin-

O-deethylase (MROD) assay in which 50 μl of enzyme buffer mix (50 mM Tris-buffer/ 5 mM 

MgCl2 pH=7.8 with 17 μg/well rat liver microsomes) were incubated for 10 min. at 37 
0
C. 

Then,  50 μl of substrate buffer mix was added containing  50 mM Tris-buffer/ 5 mM MgCl2 

pH=7.8, 40 μM Dicumarol, 4uM MTR dissolved in DMSO and 3 mM NADPH. Fluorescence was 

measured for CYP1A2 every 80 seconds for 26 minutes using a FLUOstar Galaxy (BMG 

Labtechnologies). For CYP3A2 and CYP2D1 fluorescence was measured once at 80 seconds. 

The excitation/emission filters used for measuring the activity of CYP1A2, CYP3A2 and 

CYP2D1 were 530/590, 410/510 and 405/460 nm, respectively.  

 

Phase I enzyme activity assay in THLE cells. To determine phase I enzyme activity, 

2.5x10
5
 THLE cells were plated onto fibronectine/collagen-coated 24-well plates. The next 

day cells were exposed to MDMA or its metabolites for 24-h. Fluorescence-based P450 

assays were performed after Donato et al. with minor modifications 
22

. Exposure medium 

was removed and 300 μl of incubation medium (DMEM/F12 supplemented with 1% NEAA, 

1% Sodium Pyruvate and 100 U/ml penicillin and 100 μg/ml streptomycin) was added to each 

well. Incubation medium contained MTR (5 μM, 10 minutes), BFC (50 μM, 2 hours) or AMMC 

(100 μM, 6 hours) to determine CYP1A2, CYP3A4 or CYP2D6 activity, respectively 

(experimental conditions are shown in Table 1). For inhibition studies, specific enzyme 

inhibitors were added 2 hours before the substrate and compounds were added 

(experimental conditions are shown in Table 2). The reactions were stopped by transferring 

the supernatants into a new plate. The cells were used to study the cytotoxicity levels after 

exposure. To the supernatant, glucuronidase/sulfatase (111000 units/ml and 1079 units/ml, 

respectively) was added and incubated for 2h at 37 
o
C. Finally, the reactions were quenched 

by diluting the samples (1:2) in 0.25 M Tris in 60% (v/v) acetonitrile. Activity levels of specific 

CYP450s were quantified fluorimetrically using a FLUOstar Galaxy V4.30-0/Stacker Control 

V1.02-0 (BMG Labtechnologies); with the identical ex/em wavelength as it has been 

described above.  

 

      Table 2.1. Experimental conditions of fluorescence bioassay. 
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Cytotoxicity assay. The cell viability was determined by measuring the cells capability 

to reduce MTT (3,(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to the blue-

colored formazan after 1-h incubation. Quantification of the formazan dye was measured 

spectrophotometrically at 595 nm (FLUOstar Galaxy, BMG Labtechnologies). 

Metabolite exposure (HHMA) gave a brown-dark color formation in the medium; MTT 

results were corrected by these colored formation. 

 

LC-MS/MS. For MDMA metabolite quantification, 250 μl of the incubation medium 

was treated with 10 μl glucuronidase/sulfatase (111000 units/ml and 1079 units/ml, 

respectively) for 2h at 37 
o
C; afterwards samples were treated with 250 μl methanol and 

then centrifuged at 15000 rpm during 10 min. Finally, 350 μl of supernatants were mixed 

with 350 μl MilliQ water. Then, 10 µl aliquots were injected into an HPLC system consisting of 

two HPLC pumps (PE200 series, Applied Biosystems, Foster City, CA, USA), an autosampler 

(HTC-PAL, Zwingen, Switzerland) and an API4000 MS detector equipped with an electrospray 

interface (Applied Biosystems, Foster City, CA, USA).  The HPLC column was a Luna C18 (150 x 

2.0 mm, Phenomenex, Torrance, CA, USA), which was eluted with mobile phase A consisting 

of a mixture of 10mM ammonium formate and 0.1% formic acid in water and with mobile 

phase B consisting of acetonitrile. The flow rate was set at 200 µL/min using a linear gradient 

run as follows: 90% A for 1 min, then to 70% A in 5 min followed by 5 min with 70% A. The 

HPLC column was equilibrated with 90% A for 5 min prior to the next injection. 

The electrospray interface of the MS was operated at a voltage of 5,000 V and a 

source temperature of 400°C.  The entrance and declustering potentials were set at 10 V and 

140 V, respectively. Tandem MS analysis was performed in positive multi-reaction-

monitoring (MRM) mode. The collision energy was set at 17 V.  The transitions were set at 

m/z 194.2/163.2 (MDMA), m/z 180.2/163.1 (MDA), m/z 182.2/151.1 (HHMA), m/z 

168.1/151.1 (HHA), m/z 196.2/165.1 (HMMA) and m/z 182.2/165.1 (HMA). The LC-MS/MS 

instrument was controlled by Analyst software package (version 1.4.2, Applied Biosystems).  

 

Data analysis. Results are presented as mean ± SEM. All experiments were performed 

at least in triplicate in each independent experiment. Details of the number of experiments 

are described in each legend. Graph representation was performed using Prism 4.0 

(GraphPad Software, San Diego, CA). Statistical significance was calculated using SPSS 16.0 

for Windows. Significance was accepted at P-value < 0.05.  

 

Results 

 

Effects of MDMA on Phase I Enzyme activity 

 

Rat liver microsomes. Rat liver microsomes were used to determine the inhibitory 

effect of MDMA on CYP1A1/2, CYP3A2 and CYP2D1 activities (Figure 2). Exposure to MDMA 

(0-10mM) for 30 min. resulted in a concentration-dependent decrease of CYP1A1/2, CYP3A2 
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and CYP2D1 activity with IC50 values of 2124.0 µM, 4.75 µM and 3.72 µM, respectively 

(Figure 2). Specific CYP inhibitors α-NF, TAO and QUI were used to calculate the relative 

inhibitory potency of MDMA for CYP1A1/2, CYP3A2 and CYP2D1, respectively. The specificity 

of the inhibitors was tested by determining the inhibitory potency of each inhibitor on 

CYP1A1/2, CYP3A2 and CYP2D1 activity (data not shown). To measure CYP1A1/1 activity 

CYP3A2 and CYP2D1 were inhibited. CYP3A2 activity was determined after inhibition of 

CYP1A1/2 and CYP2D1. In the same way, CYP2D1 was studied with the inhibition of 

CYP1A1/2 and CYP3A2. The inhibitor concentrations used where chosen so no inhibition of 

the target CYP was seen but full inhibition of the other CYP450 was obtained. In this way, 

MDMA inhibitory effects on specific rat CYP450 could be single out. 

The potency for CYP1A1/2 inhibition by MDMA was approximately 800-fold less than 

α-NF inhibited CYP1A1/2 activity (Figure 2A). α-NF displayed a dual effect in the CYP1A 

inhibition, which is very likely due to the presence of both CYP1A1 and CYP1A2. CYP3A2 

activity was inhibited by TAO, which inhibited 50% of the CYP3A2 activity at 0.6 µM. The 

same concentration of MDMA decreased about 16% the CYP3A2 enzymatic activity. MDMA 

was about 8-fold less potent in inhibiting CYP3A2 activity than TAO (Figure 2B). MDMA and 

QUI were equipotent in inhibiting CYP2D1 activity with IC50 values of 3.7 µM and 2.4 µM, 

respectively (Figure 2C). MDMA relative inhibitory potency CYP450 was 

CYP2D1>CYP3A2>>CYP1A1/2. 

 

THLE cells. The human liver epithelial cells (THLE) transfected with single CYP450 were 

used as in vitro model to study the effect of MDMA exposure on specific CYP450 activity and 

subsequent effect on liver cell viability. The THLE cells transfected with an empty vector 

(THLE-Neo) did not show any CYP1A2, CYP2D6 or CYP3A4 activity (data not shown). At the 

highest concentration tested (4 mM), a 24-h MDMA exposure resulted in a 76.0% inhibition 

of CYP1A2 activity and 100% inhibition of CYP3A4 and CYP2D6 activities in the THLE-1A2, 

THLE-3A4 and THLE-2D6 cell lines, respectively (Figure 3). 

The potency of CYP450 inhibition by MDMA in THLE cells was CYP2D6 (IC50=75.6 

µM)>>CYP3A4 (IC50=233 µM)>CYP1A2 (IC50=822 µM). Relative potencies of inhibition by 

MDMA were 16182-, 20- and 1850-fold less for CYP1A2, CYP3A4 and CYP2D6 compared with 

their corresponding CYP specific inhibitors.  

 



Chapter 2 

 

 37 

 
 

 

Figure 2.2. CYP1A1/2, CYP3A2 and CYP2D1 activity in rat liver microsomes after a 30-min 

exposure to MDMA. (A, B, C) Inhibition of CYP450 activity by MDMA compared with specific inhibitors 

for CYP450 enzymes. Alpha-Naphthoflavone (α-NF), Troleandomycin (TAO) and Quinidine (QUI) were 

used as inhibitors for CYP1A1/2, CYP3A2 and CYP2D1 activity, respectively. Three independent 

experiments were performed and each concentration was tested in triplicate (n=9). Data are 

represented as a mean ± SEM of all experiments. 



Differential role of metabolism in MDMA-induced cytotoxicity 

 

 38 

 
 

 

Figure 2.3. CYP1A2, CYP3A4 and CYP2D6 activity in transfected human liver epithelial (THLE) 

cells after a 24-h exposure to MDMA or the specific inhibitor α-NF (CYP1A2), TAO (CYP3A4) or QUI 

(CYP2D6). Data are represented as a mean ± SEM of three independent experiments, in which each 

concentration was tested in duplicate (n=6). 
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Cytotoxicity by MDMA and its metabolites in THLE cells 

 

Effects of Phase I metabolism. To some extent, the inhibition of CYP450 activities by 

MDMA was caused by cytotoxicity. The toxic potential of MDMA and the metabolites MDA, 

HHMA and HMA was determined in the THLE-Neo cells transfected with an empty vector, 

thus not containing any CYP activity. Another reactive MDMA metabolite, HHA, that can be 

formed through conversion of MDA or HHMA (Figure 1) was not included in our studies 

because if its low prevalence in human samples 
4
. All tested compounds induced cytotoxicity 

in a concentration-dependent manner after a 24-h exposure (Figure 4). The phase I 

metabolite HHMA was most potent in inducing cytotoxicity with an apparent IC50 value of 

473 µM. MDA (phase I metabolite) and HMA (phase II metabolite) showed approximately the 

same toxic potential as the parent compound (MDMA). The order of toxic potential was 

HHMA (IC50 = 473 µM) >> MDA (IC50 = 2.7 mM) > MDMA (IC50 = 3.8 mM) > HMA (IC50= 4.6 

mM). The maximum decrease of cell viability after 24-hours at 10 mM was 61.2% (MDMA), 

69.6% (MDA) and 52.8% (HMA), respectively. Exposure of the THLE-Neo cells to HHMA 

caused a concentration-dependent brown-dark colored turbidity in the cells (data not shown) 

and a concomitant increase in cytotoxicity. At the highest concentration HHMA tested (1 

mM) cell viability was decreased with 53.5% after 24 hours.  

 

 
 

Figure 2.4. Cytotoxicity of MDMA and MDMA metabolites (MDA, HHMA, and HMA), tested in 

transfected human liver epithelial cell line with an empty vector (THLE-Neo). Cells were exposed for 24 

hours and toxicity was measured as MTT. Data are represented as a mean ± SEM of two independent 

experiments and each concentration was tested in duplicate (n=4).  

 

To determine the role of specific CYP450 on MDMA metabolite formation and 

subsequent cytotoxicity, THLE-1A2, THLE-3A4 and THLE-2D6 were exposed to various 

concentrations of MDMA with and without specific CYP inhibitors. In all THLE cell lines, 

MDMA induced cytotoxicity in the mM range after 24 hours of exposure. At concentrations 

higher that 3 mM MDMA, a maximum of 14.4% decrease in THLE-1A2 cell viability was 

observed (Figure 5A). In THLE-2D6 cells, MDMA exposure resulted in a decrease in cell 
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viability with 17.1% (2 mM), 29.8% (3 mM) and 25.3% (4 mM) compared with vehicle-treated 

control cells (Figure 5C). Conversely, THLE-3A4 cell viability was significantly decreased up to 

61.9% compared with control cells at the highest concentrations tested (Figure 5B).  

Cell viability was also determined in each cell line after co-incubation of MDMA and 

the specific CYP inhibitors α-NF, TAO or QUI at non-cytotoxic concentrations (Table 2). Co-

incubation of THLE-CYP1A2 with α-NF did not alter cell viability compared to cells exposed to 

MDMA alone, suggesting a relatively low impact of CYP1A2-mediated metabolism of MDMA 

on its bioactivation (Figure 5A). CYP3A4 inhibition by TAO increased MDMA-induced 

cytotoxicity, especially at the 1 mM concentration where CYP3A4 activity was not completely 

abolished (Figure 3C). On the other hand, CYP2D6 inhibition by QUI showed a significant 

decrease in cytotoxicity compared with MDMA alone at 2 mM (13.9%) and 3mM (15.2%) 

(Figure 5C). This confirms the important role of CYP2D6 in the bioactivation of MDMA.   

 

Table 2.2 Inhibitory conditions of fluorescence bioassay. 

 
 

Effects of Phase II metabolism. The role of phase II metabolism in detoxification of MDMA 

phase I metabolites was determined in the THLE cell lines. The presence of Glutathione S-

Transferase (GST) in THLE cells was described previously 
23

. Western blot analysis in our lab 

has confirmed the presence of Catechol-O-Methyl Transferase (COMT) protein in the THLE 

cell line (data not shown). 

THLE cells were co-exposed with MDMA and specific phase II enzyme inhibitors for 

24-h. Inhibition of COMT activity by Ro 41-0960 (10 µM) and GST activity by BSO (50 µM) did 

not result in a substantial change in MDMA-induced cytotoxicity in the THLE-1A2 cell line 

(Figure 5D). Only at the highest concentration of MDMA tested, a significant decrease of 

THLE-1A2 cell viability by 24.2% was observed upon GST inhibition, compared to MDMA 

alone. In THLE-3A4 cells, a small, yet not significant effect of COMT inhibition on MDMA-

induced toxicity was observed. Conversely, GST inhibition further increased MDMA-induced 

cytotoxicity in the THLE-3A4 cells significantly at 2 mM (46.5%) and 3 mM (25.9%) compared 

with MDMA alone (Figure 5E). In THLE-2D6 cells, both COMT and GST inhibition significantly 

affected MDMA-induced cytotoxicity in a concentration-dependent manner (Figure 5F). In 

MDMA-exposed THLE-2D6 cells, COMT inhibition resulted in a significant increase of 

cytotoxicity of 35.2%, 28.7% and 28.6% at 2 mM, 3 mM and 4 mM MDMA, respectively, 

compared to MDMA-exposure alone. GST inhibition only significantly decreased THLE-2D6 

cell viability with 13.0% after MDMA exposure at 4mM. 
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Figure 2.5. Cell viability in transfected human liver epithelial cells (THLE cells) expressing single 

CYP1A2, CYP3A4 or CYP2D6 after a 24-h incubation to MDMA. (A, B, C) MDMA-induced toxicity when 

phase I enzymes are inhibited (α-NF, TAO and QUI). (D, E, F) MDMA-induced toxicity when phase II 

enzymes are inhibited (Ro 41-0960, BSO). Data are represented as mean ± SEM of three independent 

experiments, where each concentration was tested in duplicate (n=6). (*) Significantly different from 

vehicle-treated control cells (P< 0.05). (†) Significantly different from cells treated with the same 

MDMA concentration alone (P< 0.05).  
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LC-MS/MS. To confirm the formation of metabolites in each cell line, culture media of 

THLE-1A2, THLE-3A4 and THLE-2D6 cells exposed to 1 mM MDMA were analysed using LC-

MS/MS (Figure 6). The results show that MDMA metabolism actually occurs in the 

transfected THLE cell lines. Only two metabolites (MDA and HMMA) could be measured and 

quantified depending on the THLE cell line used. The THLE-1A2 cells showed the highest 

metabolic conversion of MDMA with MDA as only metabolite. This indicates that CYP1A2 is 

the major P450 enzyme involved in formation of MDA. MDA formation was also observed by 

the THLE cells containing either CYP3A4 and CYP2D6, but conversion rate was almost one 

order of magnitude less as observed for THLE-CYP1A2, was respectively 1.36e-03, 1.41e-03 

and 8.79e-03 pmol/min. Furthermore, it was noticeable that the metabolite HMMA was only 

formed by THLE-2D6 cells at 1.88e-03 pmol/min, indicating a specific role of CYP2D6 in this 

case. 

 

 
 

Figure 2.6. Detection MDMA-metabolite formation obtained by LC-MS/MS analyses. Media 

from THLE cells expressing single CYP1A2, CYP3A4 or CYP2D6 after a 24-h exposure to 1mM MDMA 

were analysed. Data are represented as mean ± SEM of two independent experiments, where each 

concentration was tested in triplicate (n=6). ND, not detected. (**) Significantly different metabolite 

formation after exposure to 1 mM MDMA (P< 0.01).  

 

Discussion 

 

The involvement of CYP450 and phase II enzymes in MDMA metabolism and their role 

in MDMA toxicity is not completely understood. In the stably transfected human liver cell line 

THLE with CYP1A2, CYP3A4 or CYP2D6, we have studied the role of these specific CYP450 

enzymes on MDMA bioactivation. Then, metabolite formation was confirmed with LC-MS/MS 

analysis. 

 

MDMA metabolism mainly takes place in the liver by CYP1A2, CYP3A4 and CYP2D6. 

Meyer et al. have shown MDMA enantiomers differ on their affinity to these CYP450 
15

; 

nevertheless, we studied a racemic mixture of MDMA since MDMA consumers use a mixture. 
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Most research focused on the role of CYP2D6 in MDMA toxicity. Several authors describe the 

influence of different allelic variants of CYP2D6 on MDMA-dependent toxic effects 
6, 24

. 

Conversely, de la Torre and co-workers suggested non-genetic differences, e.g. auto-

inhibition, of CYP2D6 to have a significant impact on MDMA pharmacokinetics and toxicity 
25

. 

While CYP3A4 and CYP1A2 are known to play a role in MDMA metabolism, little attention 

has been focused on these CYP450 enzymes. This is remarkable in the case of CYP3A4, since 

about 30% of the human hepatic CYP450 content is CYP3A, whereas the relative abundance 

of CYP1A2 and CYP2D6 in the human liver are only 13% and 2%, respectively 
26

.  

 

MDMA seems responsible for the inhibition of its own detoxification process, as was 

previously described for CYP2D6, but our present study showed this also to be the case for 

CYP3A4 and CYP1A2 
27, 28

. The catalytic auto-inhibition by MDMA was observed in rat liver 

microsomes and in THLE cells expressing individual human CYP450 enzymes. In both systems, 

the relative potency of catalytic inhibition by MDMA was CYP2D>CYP3A>>CYP1A. 

Theoretically, inhibition of CYP2D6 activity by MDMA could result in metabolic compensation 

by CYP1A2 and CYP3A4 in vivo 
10, 16, 17, 29

. This means that the role of CYP3A4 could become 

more important than CYP2D6 in MDMA metabolism at higher concentrations.  

 

A divergent MDMA-induced cytotoxicity pattern was observed in the THLE cell lines. A 

wide range of MDMA concentrations was used as has been previously described 
30

, since 

MDMA levels in the liver can exceed the levels found in plasma. MDMA induced the highest 

decrease in cell viability in THLE-3A4 cells, followed by the THLE-2D6 cells. THLE-1A2 cells 

showed only marginal cytotoxicity upon MDMA exposure. Our results are in contrast with a 

study by Carmo et al. who described that the CYP3A4 enzyme did not enhance MDMA 

toxicity in Chinese hamster lung fibroblast V79 cells transfected with individual CYP450 

enzymes 
6
. This difference might indicate that cell-specific properties play an additional role 

in the cytotoxicity of MDMA or its metabolites. We further investigated the implications of 

CYP450 activity on MDMA toxicity by using concurrent exposure of the cells with specific CYP 

inhibitors. In all three cell lines, MDMA-induced cytotoxicity was affected most by CYP 

inhibitors at MDMA concentrations where CYP activity was not completely inhibited. 

Apparently at lower MDMA concentrations (<1 mM), insufficient metabolites are being 

formed to cause cytotoxicity in our in vitro system. This was also described by Carvalho et al 
31

. At the highest MDMA concentration tested (4 mM), cytotoxicity was caused by MDMA 

itself, since phase I metabolism was completely inhibited by MDMA and no metabolites could 

be formed. Due to the high concentration of MDMA, this was considered a nonspecific 

cytotoxic effect. CYP2D6 inhibition by QUI resulted in an increase of THLE-2D6 cell viability 

after MDMA exposure, clearly indicating the significance of CYP2D6 in MDMA bioactivation. 

In contrast, blocking CYP1A2 and CYP3A4 enzymes did not counteract the MDMA-induced 

cytotoxicity. In THLE-3A4 cells, MDMA-induced toxicity was even aggravated upon CYP3A4 

inhibition by TAO. Since TAO competes with MDMA for the CYP3A4 active site, this could 

potentially lead to a partial inhibition of CYP3A4 activity 
32

. Alternatively, the combination of 
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TAO and CYP3A4–formed MDMA metabolites could generate extra stress to the cell, leading 

to enhanced cytotoxicity.  

 

We also studied the implications of phase II enzymes COMT and GSH/GST in MDMA-

mediated toxicity. Once again, the effects of phase II inhibition were most pronounced at 

MDMA concentrations where phase I metabolism was not completely inhibited by MDMA 

itself. COMT inhibition by Ro 41-0960 only had a minor effect on MDMA-induced cytotoxicity 

in THLE-1A2 and THLE-3A4 cells. In THLE-2D6 on the other hand, deactivation of COMT 

resulted in increased toxicity by MDMA. This demonstrates the relevance of COMT in the 

deactivation of reactive metabolites that arise from CYP2D6-mediated MDMA conversion. 

Other studies have also shown the influence of genetic variation in COMT activity on MDMA-

induced toxicity 
4, 33

. Blocking GST activity by BSO caused a significant increase of MDMA-

induced toxicity in all three THLE cell lines tested. Yet, this effect was most pronounced in 

THLE-3A4 cells, where co-incubation with BSO increased MDMA-induced cytotoxicity with 

46.6% compared to MDMA alone at 2 mM. Although MDMA-metabolites have been shown 

to inhibit GST at higher concentrations 
34

, these concentrations are most likely not reached in 

the THLE cells. Our data suggest a key role for GST in deactivating the reactive metabolites 

formed after CYP3A4-mediated MDMA conversion.  

We propose that each specific CYP450 enzyme yields a different metabolic MDMA 

profile, which results in a different cytotoxic potential. In our experiments, the toxic potential 

of MDMA and its metabolites was shown to be HHMA>>MDA ≈ MDMA ≈ HMA. As expected, 

the toxic potential increased upon phase I metabolism while the presence of phase II 

metabolism had a reducing effect on cytotoxicity. HHMA and HHA are catechol metabolites 

that can generate ortho-quinones. These quinones are highly reactive molecules, which can 

undergo redox cycling and produce the formation of reactive oxygen species (ROS) and 

reactive nitrogen species (RNS) 
35

. As a consequence of alkylation and redox cycling, the o-

quinones can generate adducts with crucial cellular proteins and/or DNA promoting cellular 

damage 
13, 36

. In THLE-Neo cells, significant cytotoxicity was observed after exposure to 

HHMA at low concentrations. Upon HHMA exposure a dark brown/black turbidity emerged 

in a concentration-dependent manner (data not shown). Previously, this effect was described 

as melanin-type polymers formation in the medium as the oxidation progressed. These 

polymers formation appeared to be a later stage cytotoxic event, resulting from depleted 

GSH levels in the cell 
34

.  

 

To verify our in vitro findings of specific CYP activities and MDMA metabolites, media 

of each incubated THLE cell lines were analyzed for MDMA metabolites by LC-MS/MS. Only 

MDA and HMMA could be quantified in our study, and used as representatives of the two 

major MDMA metabolic pathways (Figure 1). As expected, CYP1A2 metabolism of MDMA 

yields MDA as major phase I metabolite. HMMA appeared specifically after CYP2D6-

medatiated MDMA conversion, illustrating the significant role of CYP2D6 in bioactivation. 

Although CYP3A4-mediated MDMA metabolism resulted in bioactivation in our vitro studies, 

only some MDA and no other metabolites could be detected in the culture medium. COMT 
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conversion after CYP3A4-metabolism of MDMA would theoretically yield HMMA, but this 

could not be detected. This concurs with our findings that COMT plays a minor role in the 

detoxification of CYP3A4-formed MDMA metabolites. Most likely, the reactive phase I 

MDMA metabolites formed by CYP3A4 are rapidly inactivated by GSH conjugation. 

Conjugation of GSH with the reactive MDMA metabolites decreases the availability of the 

cellular GSH, which makes the cells more vulnerable to the effects of reactive compounds 

being formed, leading to harmful events.  

 

The roles of phase I and phase II metabolism in MDMA toxicity have been described 

previously.  However, we show here for the first time the differential roles of specific 

enzymes. In our study, it was observed that not only CYP2D6, but also CYP3A4 and, to a 

lesser extent, CYP1A2 play an important role in MDMA bioactivation. COMT appears to be 

mainly involved in detoxification of CYP2D6-formed MDMA metabolites. GSH is important for 

inactivation of all MDMA metabolites, but its effect is most prominent on CYP3A4-formed 

MDMA metabolites. Considering the auto-inhibition of CYP2D6 at relatively low MDMA 

concentrations and the relative abundance of CYP3A4 in the human liver, further studies are 

needed to elucidate the role of CYP3A4 and GSH/GST in MDMA bioactivation and 

detoxification.   

Elucidating the specific roles of these enzymes in MDMA toxicity is extremely 

important from a toxicological and clinical point of view. In some individuals even a small 

amount of MDMA ingestion might lead to severe, potentially fatal intoxication, which is 

suggested to be attributed to variations in metabolizing and detoxifying enzyme activities. 

Further studies should confirm whether (genetic) differences in these metabolic enzymes can 

explain some of the interindividual differences in susceptibility toward MDMA toxicity.   
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Abstract 

 

Metabolism of MDMA (3,4-methylenedioxymethamphetamine, Ecstasy) by the major 

hepatic drug-metabolizing enzyme cytochrome P450 3A (CYP3A), plays an important role in 

MDMA-induced liver toxicity. In the present study, we investigated interactions between 

MDMA and several therapeutic and recreational drugs on CYP3A and its regulator pregnane 

X receptor (PXR), using a human PXR-mediated CYP3A4-reporter gene assay, rat primary 

hepatocytes and microsomes. MDMA significantly inhibited hPXR-mediated CYP3A4-reporter 

gene expression induced by the human PXR activator rifampicin (IC50 1.26 ± 0.36 mM) or the 

therapeutic drugs paroxetine, fluoxetine, clozapine, diazepam and risperidone. All these 

drugs concentration-dependently inhibited CYP3A activity in rat liver microsomes, but in 

combination with MDMA this inhibition became more efficient for clozapine and risperidone. 

In rat primary hepatocytes that were pretreated with or without the rodent PXR activator 

pregnenolone 16alpha-carbonitrile (PCN), MDMA inhibited CYP3A catalytic activity with IC50 

values of 0.06 ± 0.12 and 0.09 ± 0.13 mM MDMA, respectively. This decrease appeared to be 

due to decreased activation of PXR and subsequent decreased CYP3A gene expression, and 

catalytic inhibition of CYP3A activity. These data suggest that in situations of repeated MDMA 

use in combination with other (therapeutic) drugs, adverse drug-drug interactions through 

interactions with PXR and/or CYP3A cannot be excluded.  
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Introduction    

 

MDMA (3,4-methylenedioxymethamphetamine, “ecstasy”) is an illicit drug of abuse 

with stimulant and hallucinogenic properties. The use of MDMA is mainly associated with 

nightclubs, dance music and some sub-cultures, and during the past years, a significantly 

higher level of consumption is being reported among young people 
1
. Hepatotoxicity has 

been described as one of the clinical effects of MDMA intoxication 
2, 3

. Metabolism of MDMA 

appears to play an important role in MDMA-induced hepatotoxicity and its metabolic 

mechanism has been the subject of several studies 
4-6

. Although most studies focused on 

cytochrome P450 2D6 (CYP2D6), we and others have shown that cytochrome P450 3A 

(CYP3A) also plays an important role in MDMA bioactivation and possible MDMA-induced 

hepatotoxicity 
4, 7

. 

Members of the CYP3A family play a major role in the biotransformation of various 

compounds, such as endogenous hormones and xenobiotics, and account for about 60% for 

the metabolism of clinically used therapeutic drugs. CYP3A enzymes have a large 

hydrophobic active site and exhibit atypical pharmacokinetics, which strongly suggests the 

presence of multiple substrate binding sites 
8
. Further, it displays interindividual variability in 

its specific activity in the liver and small intesine, the primary sites of drug metabolism 
9
. 

Pregnane X receptor (PXR) plays a key role in regulating the expression of CYP3A drug-

metabolizing enzymes 
10, 11

. Many therapeutic drugs can interact with PXR and consequently 

modulate CYP3A expression in vitro 
12-14

 and in vivo 
14-16

. PXR has been proposed to be a 

protective mediator of liver toxicity by reducing pathophysiological concentrations of toxic 

bile acids 
17

. Also PXR may be considered as a biosensor, acting as a low-affinity receptor with 

a broad substrate specificity. As such, its biological role is to detect xenobiotics and trigger 

the production of a wide variety of metabolizing enzymes and transporter proteins 
13, 18

. PXR 

is highly expressed in the liver and intestine, and upon ligand binding it forms a heterodimer 

with the 9-cis retinoic acid receptor (RXR). This PXR/RXR-dimer is transported to the nucleus 

where it binds to specific sites on the DNA and regulates, among others, members of the 

CYP3A family 
13

. Activation of PXR occurs in a species- and tissue-specific manner and is even 

further complicated by the many pharmacophores, various coactivator binding sites and 

interactions with signal transduction pathways that can regulate PXR activation 
19, 20

. 

Modulation of PXR and CYP3A expression and activity by xenobiotics has been 

suggested to play a major role in drug-drug interactions (DDIs) and adverse drug reactions, 

which is a major public health problem 
13

. DDIs often occur at the level of metabolizing 

enzymes or nuclear receptors that regulate these enzymes. Inactivation or induction of 

CYP3A4 may cause severe drug toxicity due to metabolic inhibition or bioactivation of 

coadministered drugs 
21

. At present, there is a distinct lack of knowledge regarding the use of 

MDMA and risk for DDIs, especially with regard to interactions with PXR and/or CYP3A 
22, 23

. 

Besides severe acute clinical effects such as tachycardia, hypertension, hyperthermia, 

intracranial hemorrhage, serotonin syndrome, and even death, cases of hepatotoxicity due 

to MDMA ingestion have also been reported. Yet it is probable that many more cases are 

subclinical and remain undetected. Subacute hepatotoxicity can ultimately lead to severe 
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liver damage after repeated exposure, and MDMA is considered to be a cause of drug-

induced liver injury. The absence of information on potential DDIs by MDMA is of 

toxicological and clinical concern because of the high prevalence of MDMA and other 

recreational drugs consumption among psychiatric patients 
24

. Many therapeutic drugs used 

for treating psychiatric disorders or clinical treatment of MDMA intoxications, such as 

diazepam, are (partly) metabolized by CYP3A 
25, 26

 or are agonists for PXR, such as the 

antiepileptic phenytoin 
14

.  

In the present study, we investigated the potential interaction of MDMA with PXR and 

effects on CYP3A expression and activity in a hPXR-CYP3A4 reporter-based assay, rat primary 

hepatocytes and liver microsomes. In addition, potential interactions on PXR and CYP3A were 

studied between MDMA and drugs that are often prescribed to MDMA consumers or used to 

treat MDMA intoxications such as the anti-anxiety agent/muscle relaxant diazepam, 

antiepileptic (phenytoin), antipshychotics (clozapine, risperidone), antidepressants 

(fluoxetine, paroxetine) or other recreational drugs found in rave-party pills (meta-

Chlorophenylpiperazine, caffeine and amphetamine). 

 

Materials and methods 

 

 Chemicals and reagents. D,L- Methylenedioxymethamphetamine (MDMA), was 

obtained from Duchefa-Farma (Haarlem, The Netherlands). D,L-Amphetamine (AP), 

diazepam (DZ), phenytoin (DPH), clozapine (CLZ), risperidone (RSP), paroxetine (PX), 

fluoxetine (FLX), meta-Chlorophenylpiperazine (mCPP), caffeine, rifampicin (R), ketoconazole, 

sulforaphane (SFN), 3,(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 

alpha-naphtoflavone (α-NF), quinidine (QUI), PCN (pregnenolone 16alpha-carbonitrile) and 8-

Br-cAMP (8-bromo-cyclic-AMP) were purchased from Sigma (St. Louis, MO, USA). 7-

Benzyloxy-4-(trifluoromethyl) coumarin (BFC) was obtained from BD-Gentest (Woburn, MA). 

Silencer pre-designed siRNA was purchased from Ambion (Austin, TX, USA).  

 

hPXR-mediated CYP3A4-reporter gene assay. The CYP3A4 luciferase reporter 

construct (pGL3-CYP3A4-XREM) was kindly provided by Dr. Christopher Liddle (Westmead 

Millenium Institute, Westmead, Australia), the nuclear receptor expression vector (pCDG-

hPXR) was a generous gift from Dr. Ronald M. Evans (Salk Institute for Biological Studies, La 

Jolla, CA, USA) described by Blumberg et al. 
18

, and the Renilla luciferase expression control 

vector (pRL-TK) was purchased from Promega (Madison, WI, USA). Plasmids were purified 

using Promega’s Pureyield Midi-prep (Madison, WI, USA). 

The hPXR-mediated CYP3A4-reporter gene assay was performed as decribed by 

Harmsen, et al. 
27, 28

. The human colon adenocarcinoma-derived cell line LS180 was 

purchased from ATCC (Manassas, VA, USA) and cultured according to their instructions. 

Following overnight transfection, the cells were washed with 200 μl PBS and exposured to 

the various drugs. Ten μM rifampicin (a known human PXR activator and model inducer of 

CYP3A4) was used as control for hPXR agonism, while ketoconazole and sulforaphane were 

used as control compounds for hPXR antagonism. Diazepam, phenytoin, clozapine, 
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risperidone, paroxetine, fluoxetine, mCPP, caffeine and amphetamine were added to the 

wells individually or in combination with MDMA (0.1 and 1 mM). All chemicals were 

dissolved in DMSO except for MDMA, which was dissolved in sterile water. The final solvent 

(DMSO) concentrations did not exceed 0.1% (v/v). The plates were incubated for 48-hours at 

37 °C with 5% CO2. Cytotoxicity of all incubations was assesed by measuring the capability of 

the cells to reduce MTT (3,(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to the 

blue-colored formazan after a 1-hour incubation. Quantification of the formazan dye was 

measured spectrophotometrically at 595 nm (FLUOstar Galaxy, BMG Labtechnologies). For 

reporter gene analysis, medium was removed and the cells were washed with PBS and lysed 

with 25 μl passive lysis buffer (Promega, Madison, USA). The cell lysates (10 μl) were 

transferred to a white half area 96-well plate (Corning, NY, USA) and the reporter activities of 

the Firefly and Renilla luciferases were determined using the Dual-Luciferase
TM

 Reporter 

(DLR) Assay System (Promega, Medison, WI, USA) according to the manufacturer’s 

instructions. Luminescence was recorded on a Mithras LB940 microplate reader (Berthold 

Technologies, Bad Wildbad, Germany). The fold of induction was calculated by normalization 

of the Firefly-luciferase signal to the Renilla-luciferase signal. 

 

RNA interference of PXR. The LS180 cells were reversely transfected during 48-hours 

with 10 nM siRNA PXR or 10 nM negative control siRNA according to the manufacturer’s 

protocol for Lipofectamine RNAi Max (Invitrogen, Breda, The Netherlands). The siRNA 

sequence used for targeting the PXR (sense: cguuuguucgcuuccugagtt; antisense: 

cucaggaagcgaacaaacgtg) and the negative control (no complementary sequence) were 

purchased from Ambion (Austin, TX, USA). After the 48-hours PXR knockdown, LS180 cells 

were treated with rifampicin and/or MDMA for 48-hours. RNA isolation and amplification are 

described below (see 2.6). 

 

Primary rat hepatocytes and liver microsomes. Rat hepatocytes were isolated from 

male Wistar rats using a standard collagenase perfusion method as decribed previously 
29

. 

Animals received humane care in compliance with the institutional guidelines, under 

approval of the Animal Ethical Committee according to Dutch law on Use of Experimental 

Animals. Hepatocytes were plated in 24- or 12-wells plates at a density of 5 x 10
5
 and 1 x 10

6
 

cells/well for CYP3A activity and gene expression, respectively. Cells were allowed to attach 

for 4 hours and then exposed to 10 µM PCN, a known rodent PXR activator, or control 

medium (DMSO 0.1% (v/v)). After 24-hours, the cells were washed with warm PBS and 

medium was replaced with medium containing DMSO or PCN and the test compounds for 24-

hours. 

For microsomal preparations, liver samples were weighed and homogenized in 10 ml 

Tris-HCl buffer (Tris-HCL 50 mm: 1.15% KCl, pH 7.4) per g tissue, using a Potter-Elvehjem 

Teflon-glass homogenizer. Afterwards, samples were centrifuged at 9,184 g for 25 min at 4
o
C. 

Subsequently, supernatants were pipetted into a clean ultra-centrifuge tube and centrifuged 

for 75 min at 82,656 g at 4
o
C to separate the microsomal (pellet) from the cytosolic 

(supernatant) fractions. Pellets were resuspended in 1 ml sucrose solution (0.25 M) per g of 
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original tissue. Aliquots of the microsomal fractions were stored at -70
o
C until use. Protein 

contents of isolated microsomes were determined according to the method of Lowry using 

bovine serum albumine (BSA) as protein standard. 

 

CYP3A activity. CYP3A activity was determined by measuring the conversion of 7-

Benzyloxy-4-(trifluoromethyl) coumarin (BFC) into 7-hydroxy-4-trifluoromethylcoumarin 

(HFC) using a fluorescence-based P450 assay, as described previously 
30

. To ensure BFC 

conversion through CYP3A, CYP1A and CYP2D activity were inhibited by adding 0.1 µM alpha-

naphtoflavone and 10 µM quinidine for 10 min (microsomes) or 1,5 hour (hepatocytes). 

Then, cells were exposed to 50 µM BFC for 30 min (microsomes) or 120 min (hepatocytes). 

The microsomal reaction was stopped by adding 75 μl of 20% 0.5 M Tris-base in 80% 

acetonitrile.The reaction in hepatocytes was stopped by putting the plates on ice and 

transferring the supernatant into a new plate. The medium of the hepatocytes was 

transferred to a clean plate. Glucuronidase/sulfatase was added to the medium and 

incubated for 2 h at 37°C. Activity levels of CYP3A was fluorometrically quantified in the 

linear phase of activity using a FLUOstar Galaxy V4.30-0/Stacker Control V1.02-0 (BMG 

Labtechnologies), at excitation/emission wavelengths of 410/510 nm. The hepatocytes were 

used to determine cell viability using the AlamarBlue® assay of Invitrogen (Invitrogen, Basel, 

Switzerland) according to the manufacturer’s instructions. 

 

mRNA isolation and expression. Total RNA was isolated by phenol–chloroform 

extraction using RNA Instapure (Eurogentec, Liege, Belgium). Isolated RNA’s purity and 

concentration were determined spectrophotometrically at an absorbance wavelength of 

260/280 nm and 230/260 nm. RNA samples were stored at −80°C until analysis. 

Complementary DNA (cDNA) was synthesized using iScript cDNA Synthesis Kit, 

according to the manufacturer's instructions (Biorad, Veenendaal, The Netherlands). SYBR 

green Quantitative reverse transcriptase-polymerase chain reaction (RT-qPCR) was 

performed using the iCycler Thermal Cycler (Bio-Rad, Veenendaal, The Netherlands). After 

each run a melt curve was performed to ensure that only single DNA products were 

amplified. A negative control sample (non-RT samples) was included. Beta-actin primers were 

obtained from the RTPrimer database, and CYP3A primer was designed on National Center 

for Biotechnology Information (NCBI) and checked with Blast (nucleotide nonredundant 

database) to confirm specificity. Primer sequences were for human CYP3A4 

TGATGGTCAACAGCCTGTGCTGG (FP) and CCACTGGACCAAAAGGCCTCCG (RP), rat CYP3A 

TTTGCCATCATGGACACAGAGA  (FP) and  GCTTTCCCCATAATCCCCACT (RP), rat PXR  

CCGCACCTGGCCGATGTGTC (FP) and  AGGCAGCTCCCTGAAGTGGG (RP), human beta-actin 

TTGTTACAGGAAGTCCCTTGCC (FP) and ATGCTATCACCTCCCCTGTGTG (RP), rat beta-actin 

AGCGTGGCTACAGCTTCACC (FP) and AAGTCTAGGGCAACATAGCACAGC (RP), rat ARBP 

CCTAGAGGGTGTCCGCAATGTG (FP) and CAGTGGGAAGGTGTAGTCAGTCTC (RP).  

 

Data analysis. All experiments with the hPXR-mediated CYP3A4 reporter assay and rat 

liver microsomes were performed at least in triplicate during each independent experiment. 
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Two independent experiments (rat hepatocyte isolations) were performed and in each 

experiment incubations were done in triplicate. Details of the number of experiments are 

described in the figure legends. Graph representation and IC50 calculations were performed 

using Prism 4.0 (GraphPad Software, San Diego, CA). Statistical significance of differences of 

the means were determined by two-way ANOVA analysis followed by a Tukey multiple 

comparison test or Student’s t-test using SPSS 16.0 for Windows or SigmaPlot 11. Differences 

were considered statistically significant with P< 0.05.  

 

Results 

 

MDMA inhibits hPXR activation in the hPXR-mediated CYP3A4-reporter gene assay. 

To determine possible interaction of MDMA with hPXR, CYP3A4 reporter gene expression 

was studied in a reporter-gene assay using transiently transfected human LS180 cells. 

Rifampicin is known to induce CYP3A4 expression through activation of hPXR 
10

 and was used 

as a positive control for hPXR activation. Indeed, rifampicin exposure (10 µM) induced 

CYP3A4-reporter gene expression about 42.06-fold compared with DMSO control-treated 

cells after a 48-hours exposure (Figure 3.1). MDMA alone did not significantly induce 

CYP3A4-reporter gene expression up to 4 mM (data not shown).  

 To study potential inhibition of hPXR activation, the effects of the known hPXR 

antagonists sulforaphane and ketoconazole 
31, 32

 on rifampicin-induced CYP3A4-reporter 

gene expression were determined (Figure 3.1). Sulforaphane did not inhibit rifampicin-

mediated hPXR activation in the hPXR-CYP3A4 reporter gene assay up to 12.5 µM. On the 

other hand, 12.5 µM ketoconazole significantly decreased the rifampicin-mediated CYP3A4-

reporter gene expression by about 35%. However, ketoconazole was cytotoxic at all 

concentrations where inhibition of hPXR activation was observed (data not shown). At 12.5 

µM, ketoconazole decreased the cell viability by 40%, which is comparable to the extent of 

inhibition of hPXR activation measured. Conversely, MDMA was not cytotoxic to the LS180 

cells at any of the concentrations tested (0-3 mM). LS180 cell viability was tested by the 

capability of reduce MTT to formazan, an indicator of mitochondrial function (data not 

shown). When exposed to MDMA, rifampicin-induced CYP3A4-reporter gene expression was 

concentration-dependently decreased with an apparent IC50 value of 1.26 ± 0.36 mM. These 

results indicate that MDMA might act as an hPXR antagonist. To evaluate whether the 

inhibition of rifampicin-induced CYP3A4 reporter gene expression by MDMA occurred at 

transcriptional level, mRNA expression of CYP3A4 was determined in LS180 cells. After a 48-

hours exposure, rifampicin (10 μM) significantly induced CYP3A4 expression 14-fold in LS180 

cells compared with vehicle control-treated cells (Figure 3.2). This induction was fully 

negated when hPXR was silenced using siRNA sequence targeting hPXR, showing that CYP3A4 

induction by rifampicin in these cells was hPXR-mediated. MDMA alone (3 mM) did not 

significantly affect CYP3A4 expression. However, MDMA (3 mM) significantly counteracted 

rifampicin-mediated induction of CYP3A4 expression by about 60%. No effect on CYP3A4 

expression by MDMA was seen in PXR siRNA-treated cells. 
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Figure 3.1. CYP3A4-reporter gene expression in LS180 cells after a 48-hours exposure to 

rifampicin, ketoconazole, sulforaphane and MDMA. Three independent experiments were performed in 

which each of the drugs and each concentration was tested in quadruplicate. Data are represented as a 

mean ± SEM of all experiments (n=12). Statistical significance was determined by Student’s t-test. (*), 

significantly different from rifampicin-treated cells (p < 0.05). (***), significantly different from 

rifampicin-treated cells (p < 0.001). 

 

 

 

Figure 3.2. CYP3A4 gene expression in LS180 cells after a 48-hours exposure to rifampicin (10 

µM) alone or in combination with MDMA (3 mM). siRNA indicates sequence targeted small interference 

RNA against hPXR. Data are represented as a mean ± SEM (n=3). Statistical significance was determined 

by Student’s t-test. (**), significantly different from vehicle-control treated cells (P< 0.01). (***), 

significantly different from vehicle-control treated cells (P< 0.001). (# # #), significantly different from 

rifampicin-treated cells (p < 0.001).  
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MDMA-mediated decrease in CYP3A activity in primary rat hepatocytes through PXR 

antagonism and catalytic CYP3A inhibition 

 

The potential of MDMA to interact with PXR and subsequently CYP3A activity and 

expression was explored further in rat primary hepatocytes. In order to investigate the 

interaction of MDMA with PXR, rat primary hepatocytes were treated with DMSO (0.1% v/v) 

or the rodent PXR inducer PCN (10 µM) before MDMA exposure for 24-hours. PCN 

significantly induced basal CYP3A activity from 0.77 ± 0.08 µM HFC/2h to 1.56 ± 0.04 µM 

HFC/2h. Exposure of the hepatocytes to MDMA caused a concentration-dependent decrease 

in CYP3A activity in both control and PCN-treated hepatocytes with similar IC50 values of 0.09 

± 0.13 and 0.06 ± 0.12 mM MDMA, respectively (Figure 3.3A). The known PXR antagonist 

sulforaphane decreased CYP3A activity by ~60% and ~80% in control and PCN-treated 

hepatocytes, respectively (Figure 3.3B). 

 Gene expression analysis of PXR and CYP3A in the hepatocytes showed that PCN 

treatment did not affect PXR gene expression, but did significantly increase CYP3A expression 

18-fold (Figure 3.4). Although PXR expression was significantly lower upon MDMA exposure 

in both control and PCN-pretreated cells, a significant effect on CYP3A expression was only 

seen in PCN-pretreated cells. MDMA decreased CYP3A expression in PCN-pretreated cells 

with about 40%. The known PXR antagonist sulforaphane significantly decreased PXR 

expression in both control- and PCN-pretreated cells with 57 and 73%, respectively (Figure 

3.4). However, CYP3A expression was not affected by sulforaphane in either control or PCN-

pretreated hepatocytes. 
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Figure 3.3. CYP3A activity (in µM HFC/2h) in rat primary hepatocytes upon exposure to (A) 

MDMA or (B) sulforaphane. Hepatocytes were treated with vehicle control (DMSO, open circles and 

bars) or the rodent PXR inducer PCN (black circles and bars) for 24-hours before exposure to MDMA or 

sulforaphane together with DMSO or PCN for 24-hours. Two independent experiments were performed 

in triplicate. Data are represented as mean ± SD (n=3) of one representative experiment.  
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Figure 3.4. Normalized gene expression of (A) PXR and (B) CYP3A in rat primary hepatocytes 

upon exposure to MDMA (0.8 mM, black bars) or sulforaphane (12,5 uM, grey bars). Hepatocytes were 

treated with vehicle control (DMSO, left) or the rodent PXR inducer (PCN, right) for 24-hours before 

exposure to MDMA or sulforaphane together with DMSO or PCN for 24-hours. Data are represented as 

mean ± SD (n=6) of two independent experiments. (*) significantly different from control (DMSO) cells 

with the same pre-treatment; (#) significantly different between control pre-treated cells and PCN-

pretreated cells with the same MDMA or sulforaphane exposure. 
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Drug-drug interactions occur with MDMA on hPXR and CYP3A activity 

 

Potential DDIs through interaction with hPXR were evaluated by studying the effect of 

the combination of MDMA and therapeutic or recreational drugs on hPXR activation in the 

hPXR-CYP3A4 reporter gene assay. All exposures were performed at non-cytotoxic 

concentrations of the drugs (data not shown). PX (25 µM) and FLX (6.25 µM) alone did not 

significantly induce CYP3A4-reporter gene expression (Figure 3.5A). The other drugs tested, 

all significantly induced hPXR-mediated CYP3A4-reporter gene expression at 100 µM albeit 

much lower than rifampicin (42.06-fold), in the order of DZ (10.7-fold)> DPH (5.1-fold)> CLZ 

(4.0-fold)> mCPP (2.0-fold)> RSP (1.8-fold)> AP (1.3-fold) compared to vehicle-control treated 

cells (Figure 3.5A-B). MDMA inhibited hPXR-mediated CYP3A4-reporter gene induction by 

each therapeutic and non-therapeutic drug in a concentration-dependent manner, except for 

mCPP and AP of which inhibition occurred from 1 mM MDMA (Figure 3.5A-B). At 1 mM 

MDMA, hPXR-mediated CYP3A4-reporter gene induction by the therapeutic drugs (except for 

DZ and CLZ) was annihilated and luciferase activity was back to control level. Full 

concentration-response curves for MDMA inhibition were obtained for rifampicin and DZ-

induced CYP3A4-reporter gene expression and indicated that IC50 values for inhibition were 

similar at 1404 μM and 834.2 μM, respectively (data not shown).  

 Rat liver microsomes were used to determine the catalytic interaction at CYP3A of 

several therapeutic drugs individually or in combination with MDMA (Figure 3.6). MDMA can 

also be metabolized by other CYP enzymes, therefore CYP3A activity was determined after 

concurrent inhibition of CYP1A1/2 and CYP2D by specific CYP inhibitors α-NF and QUI, 

respectively. At the inhibitor concentrations used, no inhibition of CYP3A activity was seen 

while full inhibition of the other relevant CYP450 on MDMA metabolism was obtained 
4
. 

Exposure to MDMA alone (0-10mM) resulted in a concentration-dependent decrease of 

CYP3A activity with an IC50 value of 4.9 mM (Figure 3.5A). Microsomes were incubated with 

therapeutic drugs (0-1 mM) individually or in combination with 0.1 or 1 mM MDMA (Figure 

3.6B-G). Individual therapeutic drugs inhibited CYP3A activity with 50-fold to 188-fold higher 

potencies compared to MDMA alone with inhibitory IC50 potencies were PX (26.6 ± 7.5 μM)> 

FLX (50.3 ± 19.6 μM)> CLZ (69.9 ± 66.3 μM)> DZ (89.9 ± 33.1 μM)> RSP (101.9 ± 127.0 μM). 

DPH, mCPP, caffeine and AP did not significantly inhibit CYP3A activity up to the highest 

concentration tested (1 mM) and therefore the IC50 values could not be calculated for these 

drugs (data not shown). Co-incubation of the DZP, DHP or PX together with MDMA showed 

apparent changes in potency of the CYP3A inhibition (Figure 3.6B, C,and G). However, these 

changes in IC50 values were not statistically different for any of the co-exposures compared 

with the drugs alone. On the other hand, statistically significant differences were observed in 

efficacy upon co-exposure of the drugs. Co-exposure with MDMA resulted in a significantly 

more efficient inhibition of CYP3A by CLZ and RSP at higher concentrations (Figure 3.6D and 

E). Maximal inhibition of CYP3A by CLZ or RSP was increased from 60 and 50%,respectively to 

90% when co-exposed with MDMA. 
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Figure 3.5. CYP3A4-reporter gene expression in LS180 cells after a 48-hours exposure to 10 μM  

rifampicin (R) or (A) 6 therapeutic drugs (diazepam, phenytoin, clozapine, risperidone, paroxetine and 

fluoxetine) individually or in combination with 0.1 mM and 1 mM MDMA; and (B) 3 drugs found as 

additives in rave-party pills (mCPP, caffeine and amphetamine) individually or in combination with 0.1 

and 1 mM MDMA. Three independent experiments were performed in which each concentration was 

tested in quadruplicate. Data are represented as a mean ± SEM of all experiments (n=12). Statistical 

significance was determined by Student’s t-test.  (# ), significantly different from vehicle control-treated 

cells (P< 0.05). (# #), significantly different from vehicle control-treated cells (P< 0.01). (*), significantly 

different from cells treated with the corresponding drug individually (P< 0.05). (**), significantly 

different from cells treated with the corresponding drug individually (P< 0.01).  
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Figure 3.6. CYP3A activity in rat liver microsomes compared to vehicle control-treated 

microsomes after a 30-min exposure to MDMA and/or other drugs. (A, B, C, D, E, F, G). (A) Microsomes 

were incubated with MDMA (0-10 mM).  (B-G) Microsomes were incubated with therapeutic drugs 

individually or in combination with 0.1 and 1 mM MDMA. Two independent experiments were 

performed and during each experiment each concentration was tested in triplicate. Data are 

represented as a mean ± SEM of all experiments (n=6). Statistical significance of differences of the 

means were determined by two-way ANOVA analysis followed by a Tukey multiple comparison test. 

Apparent changes in IC50 values were not statistically significant. (*), significantly different from 

microsomes exposed with the drug alone at the same concentration (p < 0.05). 
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DISCUSSION 

 

MDMA is known to be metabolized by several CYP450 and phase II enzymes. While 

many studies focused on the interaction of MDMA with CYP2D6, we have previously shown 

that interaction with CYP3A4 might also play an important role 
4
. Considering the 

implications for potential hepatotoxicity in MDMA consumers, interactions of MDMA with 

CYP3A and its main regulator PXR are of great clinical relevance.  

The role of PXR in regulating CYP3A4 expression and in DDIs has been studied 

extensively over the last decades 
11, 13, 18, 33, 34

. Luo et al. discussed the use of a cell-based PXR 

reporter gene assay as a reliable pre-screening method to measure possible CYP3A4 

induction, which showed similar outcomes compared to CYP3A4 mRNA and activity levels in 

a primary culture of human hepatocytes 
14

. In our studies, a reporter-based assay was used 

where the human LS180 cell line was transiently transfected with a hPXR and a CYP3A4-

luciferase plasmid. The development and optimization of this model, showing that CYP3A4-

reporter gene expression was PXR-mediated, was previously described by Harmsen et al. 
28

. 

Previous studies have shown that the human intestinal LS180 cell line is more suitable for our 

hPXR-CYP3A4 reporter gene assay than the HepG2 cell line, because of higher induction of 

CYP3A4 in both untransfected and CYP3A4-reporter gene-transfected cells 
27

. Using this 

model, we found that MDMA acted as hPXR antagonist and inhibited hPXR-mediated 

rifampicin induction of CYP3A4-reporter gene expression at MDMA concentrations that were 

not cytotoxic for the LS180 cells. In our studies, we have also included two well-known hPXR 

antagonists ketoconazole and sulforaphane. Several studies showed that ketoconazole is a 

hPXR antagonist that can inhibit binding of coactivators on the surface of PXR 
35, 36

. Although 

ketoconazole caused decrease in luciferase activity in our hPXR-CYP3A4-reporter system, this 

decrease occurred at concentrations that were cytotoxic to the LS180 cells, making it difficult 

to discern if this phenomenon might (partially) be caused by cytotoxicity. This cytotoxic effect 

of ketoconazole in PXR interaction studies was also observed previously by Das et al. 
31

. Also 

sulforaphane did not show a hPXR-antagonistic effect on rifampicin-induced CYP3A4-

reporter gene expression in transiently transfected LS180 cells. In rat primary hepatocytes, 

on the other hand, PXR-mediated induction of CYP3A activity was reduced by sulforaphane 

without causing cytotoxicity. Yet, the expression of CYP3A was not affected by sulforaphane, 

eventhough it strongly reduced PXR gene expression. Zhou et al., showed in human liver 

HepG2 cells transiently transfected with hPXR and a CYP3A4XREM luciferase reporter, that 

sulforaphane acted as PXR antagonist by displacing ligands from the ligand binding domain 

(LBD) and inhibiting PXR-coactivator recruitement 
32, 37

. In addition, they describe the 

inhibition of CYP3A activity and expression in transfected HepG2 cells and human 

hepatocytes exposed to sulforaphane. The difference in effect on CYP3A expression by 

sulforaphane between our findings and the findings by Zhou et al. are striking. However, 

Zhou et al. exposed the hepatocytes to sulforaphane, before rifampicin induction of PXR, 

while we induced PXR first before exposing the hepatocytes to sulforaphane. Using our 

experimental set-up, we observed a decreased expression of PXR but not CYP3A upon 

sulforaphane exposure in rat hepatocytes. Possibly, attenuated rifampicin-induced CYP3A 
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expression by sulforaphane described by Zhou et al. is due to lower expression of PXR, not 

through reduced recruitement of coactivators. Furthermore, from our data sulforaphane 

appears to inhibit CYP3A activity by catalytic interaction with the enzyme, not through 

inhibition of PXR-induced CYP3A expression. MDMA, on the other hand, acted as a PXR 

antagonist by inhibiting hPXR-induced CYP3A-reporter gene expression and by decreasing 

CYP3A activity and expression. This two-fold inhibition of CYP3A in rat primary hepatocytes 

by MDMA was strengthened by the fact that MDMA was a more potent inhibitor of CYP3A 

activity in rat hepatocytes than in microsomes with a 50-times lower IC50 value.  

It is known that regulation of PXR and CYP3A display cell type- and species-specific 

differences. Ligand-mediated activation of PXR can occur through a wide variety of 

compounds in a species-specific manner due to structural differences in ligand-binding 

pockets 
38

.Human PXR but not rodent PXR is effectively activated by the macrocyclic 

antibiotic rifampicin. In contrast, the potent rodent PXR activator pregnenolone 16α-

carbonitrile (PCN) has virtually no effect on hPXR. As antagonism can arise from competition 

for the LBD of the PXR, species-differences in responses are to be expected. Furthermore, 

cell-type specific co-activators and differential signal transduction pathways regulating PXR 

activation can result in differential responses 
13, 20, 31, 35, 36

. Similar to its main regulator PXR, 

CYP3A has a broad substrate specificity and is involved in many metabolic pathways 
39

. 

CYP3A is responsible for the metabolism of a wide array of chemicals, including over 50% of 

the clinically used therapeutic drugs 
11, 40

. We have previously shown that MDMA inhibits 

CYP3A activity 
4
. Other studies indicate that MDMA causes a mechanism-based inhibition or 

“suicide inhibition” of CYP2D6 
41

, which might also apply to CYP3A activity for MDMA. In the 

LS180 cells, CYP3A activity was very low (data not shown). Therefore, we have studied 

MDMA effects on CYP3A catalytic level using rat primary hepatocytes and liver microsomes, 

which are commonly used in pharmacokinetic studies. Although Aueviriyavit et al. recently 

described species-differences in CYP3A inhibition between human and rat liver microsomes 

with various known CYP3A inhibitors, the differences in IC50 values were only a factor 10 

maximum, while the order of inhibitory potency was the same between species 
42

. So 

eventhough species-differences in CYP3A pharmacophores exist, we believe that studies with 

rat liver microsomes are a useful model for initial studies on mechanism-based inhibition and 

drug-drug interactions.  

To investigate potential DDIs due to interactions of therapeutic and recreational drugs 

and MDMA, effects on hPXR activation and CYP3A activity were studied. The tested drugs 

were known to be, at least partially, metabolized by CYP3A4 
22

 or interact with the PXR 
14

. 

The interactions between MDMA and the non-therapeutic drugs (mCPP, caffeine and AP) 

seem to be of little clinical relevance since the induction was only minor (1-2 fold) and the 

inhibitory effect of MDMA appeared only at a 1 mM (Figure 3.5B). DZ, DPH, CLZ and RSP 

modestly induced CYP3A4-reporter gene expression (2-12 fold) when compared to 

rifampicin-mediated induction of CYP3A4-reporter gene expression. MDMA significantly 

counteracted the drug-induced hPXR activation in a concentration-dependent manner. 

Furthermore, a concentration-dependent decrease of CYP3A activity in rat liver microsomes 

was observed for most of the tested drugs, which followed the order PX>FLX>CLZ>DZ>RSP. 
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Co-exposure of MDMA with the therapeutic drugs studied did not significantly increase the 

inhibitory potency of these compounds, as would be expected based on the CYP3A inhibiting 

potency of MDMA. In case of co-exposure with DZ, DPH and PX, a small but no significant 

decrease of CYP3A inhibitory potency was observed. The suggested mechanism-based type 

inhibition of CYP3A enzyme by MDMA possibly causes blockage of the ligand-binding site, 

making it less accessible to other drugs, such us DZ, DPH or PX. Conversely, a significantly 

stronger inhibition was observed at the highest concentrations tested of CLZ and RSP in 

combination with MDMA (100 μM and 1 mM) when compared to exposure to CLZ and RSP 

individually, suggesting a synergistic effect on CYP3A inhibition. Further enzyme kinetic 

studies to address the type of MDMA inhibition of CYP3A were beyond the scope of this 

study.  

In summary, we found that in vitro exposure of MDMA caused a significant decrease 

in CYP3A (reporter) gene expression and activity. This decrease appeared to be due to 

decreased activation of PXR and subsequent decreased CYP3A4 gene expression, and due to 

catalytic inhibition of CYP3A activity by MDMA. Furthermore, interactions at hPXR and CYP3A 

activity between MDMA and commonly used therapeutic drugs were apparent. The 

inhibition of PXR activation and CYP3A activity by MDMA in this study occurred at relatively 

high in vitro concentrations. Yet, it is very difficult to estimate relevant in vivo exposure 

levels after MDMA intoxication that can be used in in vitro studies. MDMA exposure 

generally occurs repeatedly, e.g. on several occasions during the weekend. Further, MDMA 

pharmacokinetics follow a nonlinear model because MDMA inhibits its own metabolism 
4
. 

This results in a disproportional MDMA increase in plasma 
43

. In addition, liver tissue levels 

can be much higher than plasma levels, which are generally described in the literature. 

MDMA plasma levels of 70 µM after MDMA use have been described. Liver tissue levels up 

to 18-fold higher than plasma levels have been found during episodes of MDMA 

intoxications, reaching levels as high as 800 µmol/g liver 
44

. So even though our in vitro effect 

concentrations were high, in situations of repeated MDMA use, especially in combination 

with other (therapeutic) drugs, high levels of MDMA can occur in the liver and adverse DDIs 

through interactions with PXR/CYP3A cannot be excluded. Further studies using human 

(primary) liver cells should be performed to elucidate the antagonistic properties of MDMA 

on human PXR and CYP3A. 
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Abstract  

 

MDMA (3,4-methylenedioxymethamphetamine) metabolism is a major cause of 

MDMA-mediated hepatotoxicity. In this study the effects of MDMA and its metabolites on 

the glutathione system were evaluated. Glutathione (GSH/GSSG) levels and gene expression 

of glutamate cysteine ligase catalytic subunit (GCLC), glutathione-S-transferase (GST) and 

pregnane X receptor (PXR) were compared in the immortalized human liver epithelial cell line 

THLE-Neo lacking phase I metabolism and primary rat hepatocytes expressing both phase I 

and II metabolism. Furthermore, we evaluated the potential protective effects of two 

antioxidants, N-acetyl-cysteine (NAC) and sulforaphane (SFN) in these cell systems. In THLE-

Neo cells, 3,4-dihydroxymetamphetamine (HHMA) significantly decreased cell viability and 

depleted GSH levels, resulting in an increased expression of GCLC and GST up to 3.4- and 2.2-

fold, respectively. In primary rat hepatocytes, cell viability or GSH levels were not significantly 

affected upon MDMA exposure. GCLC expression levels where not significantly altered 

either, although GST expression was increased 2.3-fold. NAC counteracted MDMA-induced 

cytotoxicity and restored GSH levels. Phase II enzyme expression was also reverted. 

Conversely, SFN increased MDMA-induced cytotoxicity and GSH depletion, while GCLC and 

GST expression were significantly induced. In addition, PXR expression decreased after 

HHMA and MDMA exposure, while co-exposure to SFN induced it up to 3.6- and 3.9-fold 

compared to vehicle-control in the THLE-Neo cells and rat hepatocytes, respectively. Taken 

together, these data indicate that HHMA is a major factor in the MDMA-mediated 

hepatotoxicity through interaction with the glutathione system. The results of our study 

show that for MDMA intoxication the treatment with an antioxidant such as NAC may 

counteract the potentially hepatotoxicity. However, SFN supplementation should be 

considered with care because of the indications of possible drug-drug interactions.  
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Introduction  

 

MDMA (3,4-methylenedioxymethamphetamine, “ecstasy”) is an illicit drug of abuse 

with stimulant and hallucinogenic properties. MDMA is commonly used by young people in 

nightclubs and some sub-cultures 
1
. Although in the drug scene MDMA is thought to be safe, 

MDMA misuse has been related to several long-term effects. These include decrease of 

learning and memory capacity, psychiatric diseases and severe acute toxic effects such as 

tachycardia, hypertension, hyperthermia, intracranial hemorrhage, hepatotoxicity and 

death). In addition, hepatotoxicity after MDMA consumption has regularly been reported 

causing jaundice, hepatomegaly, hepatitis, centrilobular necrosis, and liver fibrosis 
2
. 

However, it is often assumed that more cases remain subclinical and are not properly 

detected. Subacute hepatotoxicity can ultimately lead to severe liver damage upon repeated 

exposure, and MDMA can therefore be considered as a cause of drug-induced liver injury 

(DILI) 
3-8

.  

Earlier studies with MDMA have suggested that metabolism play an important role in 

MDMA-induced hepatotoxicity 
2, 6, 9-15

. Phase I MDMA metabolism involves two main routes 

(Figure 4.1): 1) chain conversion by N-dealkylation to 3,4-methylendioxyamphetamine (MDA) 

mainly by CYP1A2, CYP2B6 and CYP2C19 or 2) O-demethylenation of the ring leading to 3,4-

dihydroxymethamphetamine (HHMA) and 3,4-dihydroxyamphetamine (HHA) mediated by 

CYP2D6, CYP3A4 and CYP2C19. Especially the conversion to the reactive catechol-

metabolites HHMA and HHA is of toxicological relevance 
2, 14-18

. These metabolites can be 

oxidized to the corresponding ortho-metabolites, which generate reactive oxygen species 

(ROS) and reactive nitrogen species (RNS) 
19

. Moreover, the catechol-metabolites of MDMA 

can be further oxidized yielding aminochrome compounds, which can lead to the formation 

of dark-brown polymers of the melamine type and represent a later stage of the 

compromised oxidation status 
2
. Phase II metabolism of MDMA metabolites includes 

oxidation to benzoic acid derivatives of MDA. In the case of HHMA and HHA this can lead to 

methylation by catechol-O-methyltransferase (COMT) yielding respectively 4-hydroxy-3-

methoxymethamphetamine (HMMA) and 3,4-dihydroxyamphetamine (HMA) and/or further 

glucuronidation and sulfation. In addition, the ortho-metabolites HHMA and HHA can be 

further conjugated in the presence of glutathione (GSH) to thioether-metabolites 
2, 14, 20, 21

 

(Figure 4.1). These ortho-metabolites and thioether-metabolites remain redox active and 

have been shown to cause cytotoxicity in several tissues such as liver, brain, kidney and heart 
2, 14, 22-25

.  

Glutathione (GSH) is also a source of cysteine that modulates critical cellular process 

such as DNA synthesis, microtubular-related processes and immune functions. Its synthesis 

occurs in many cell types to balance the oxidative status within the cells generated by 

endogenous or exogenous compounds 
26-28

. As such, GSH is tagged to reactive xenobiotic 

compounds, such us MDMA metabolites, as part of the defense mechanism against oxidative 

stress. Often the GSH conjugation with reactive xenobiotic compounds is mediated by 

glutathione-S-transferase (GST). This process could eventually result in a depletion of the 

cellular GSH pool. To restore intracellular GSH levels, glutathione disulfide (GSSG) is reduced 
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and/or de novo GSH is formed. GSH is synthesized in two ATP-dependent enzymatic steps: 

first by γglutamate cysteine ligase (γGCL), which is a rate-limiting step, followed by the non-

rate-limiting step catalyzed by Glutathione Synthetase (GS). γGCL gene expression is 

suppressed by GSH because of competition with the glutamate binding site. However, it has 

also been reported that γGCL expression can increase when the cellular defense mechanisms 

are compromised 
26, 29

 (Figure 4.1). Another important regulator in the GSH pathway is the 

pregnane X receptor (PXR). PXR is considered to be a biosensor detecting xenobiotics and 

inducing the expression of a wide variety of metabolizing enzymes, including GST 
30, 31

. PXR is 

highly expressed in the liver and therefore an important regulatory protein for transcriptional 

expression of drug metabolizing enzymes, which might ultimately lead to drug-mediated 

adverse effects 
31-34

. 

 
 

Figure 4.1. Schematic representation of glutathione (GSH) synthesis 
26

, adjusted with the 

possible interaction with MDMA metabolic pathway and other compounds such as, buthionine 

sulfoximine (BSO), N-acetyl-cysteine (NAC) and sulforaphane (SFN) used in this study. 

 

It is of high toxicological and clinical relevance to understand the metabolism of 

MDMA, because this determines its ultimate cytotoxic potential. Although there are 

indications that GSH may play an important role, its role in detoxification of specific reactive 

metabolites is not completely understood. Moreover, interactions of MDMA metabolites 

with γGCL, GST with or without PXR-mediated co-regulation are not well known either. We 

studied the, effects of MDMA and its metabolites on GSH/GSSG levels and γGCL, GST and PXR 

expression in the human liver epithelial cell line THLE-Neo and primary rat hepatocytes. The 

human liver epithelial cells (THLE) transfected with single CYP450 enzymes have proven to be 

useful tools to study the effects of MDMA on specific CYP450 activity and subsequent cell 

viability in vitro 
15

. The THLE-Neo cell line lacks any CYP450 enzymes, whereas phase I and II 

enzymes are present in the rat hepatocytes. Furthermore, we investigated the cytotoxicity 

monitoring during exposure to MDMA or MDMA metabolites (MDA, HMA, HMMA and 
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HHMA) alone or in combination with two well-established antioxidants N-acetyl-cysteine 

(NAC) and sulforaphane (SFN).  

 

Materials and Methods 

 

  Chemicals and reagents. D,L- methylenedioxymethamphetamine (MDMA), 3,4-

methylendioxyamphetamine (MDA), 3,4-dihydroxymethamphetamine (HHMA), 4-hydroxy-3-

methoxymethamphetamine (HMMA) and 4-hydroxy-3-methoxyamphetamine (HMA), were 

obtained from Duchefa-Farma (Haarlem, The Netherlands). N-acetyl-cysteine (NAC), 

sulforaphane (SFN), 3,(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

were purchased from Sigma (St. Louis, MO, USA). AlamarBlue® assay was obtained from 

Invitrogen (Invitrogen, Basel, Switzerland). 

 

THLE-Neo cell culture. In our studies, we have used THLE cells transfected with an 

empty vector (THLE-Neo), which did not show any CYP450 activities. These cells were kindly 

provided by Nestec Ltd. (Lausanne, Switzerland). Cells were cultured on 

fibronectine/collagen-coated flasks in 1:1 Dulbecco’s modified Eagle medium/Ham’s F-12 

nutrient mix (DMEM/F12, Gibco 11039-021) supplemented with 0.33 nM retinoic acid (Sigma 

R2625), 50 nM 3,3’,5-Triiodo-L-thyronine sodium salt (T3, Sigma T5516), 5 ng/ml human 

Epidermal Growth Factor (EGF, Sigma E9644), 15 µg/ml Bovine Pituitary Extract (BPE, 

Invitrogen 13028-014), 0.2 µM Hydrocortisone (Sigma H4881),500 nM Ethanolamine (Sigma 

E0135), 0.3% Albumin from bovine serum (BSA, Sigma A7888), 1% Insulin-Transferrin-

Selenium (ITS, Gibco 41400), 1% Sodium Pyruvate (Gibco 11360), 1% Non-essential amino 

acids (NEAA, Gibco 11140), 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco 15140). 

Cells were cultured at 37
o
C in a humidified atmosphere at 5% CO2. THLE-Neo cells were 

plated in 96- or 12-wells plates at a density of 10 x 10
3
 and 5 x 10

5
 cells/well for GSH levels 

determination activity and gene expression, respectively. Cells were allowed to attach for 24-

h and then, the cells were washed with warm PBS, subsequently medium was replaced with 

medium containing DMSO 0.1% (v/v) or test compounds for 24-h. 

The cells were used to determine cell viability by measuring their capability to reduce 

MTT (3,(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to the blue-colored 

formazan after a 1-h incubation. Quantification of the formazan dye was measured 

spectrophotometrically at 595 nm (FLUOstar Galaxy, BMG Labtechnologies). Metabolite 

exposure (HHMA) gave a dark-brown color formation in the cells; MTT results were corrected 

for these colored formation. 

 

Primary rat hepatocytes cell culture. Rat hepatocytes were isolated from male Wistar 

rats using a standard collagenase perfusion method as described previously 
35

. Animals 

received humane care in compliance with the institutional guidelines, under approval of the 

Animal Ethical Committee according to Dutch law on Use of Experimental Animals. 

Hepatocytes were plated in 24- or 12-wells plates at a density of 5 x 10
5
 and 1 x 10

6
 cells/well 

for GSH levels determination activity and gene expression, respectively. Cells were allowed to 
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attach for 24 hours and after, the cells were washed with warm PBS and medium was 

replaced with medium containing DMSO or the test compounds alone for 24-h. 

Cell viability in the hepatocytes was done using the AlamarBlue® assay of Invitrogen 

(Invitrogen, Basel, Switzerland) according to the manufacturer’s instructions. 

 

GSH and GSSG determination. Total glutathione (GSH) and GSH levels were 

determined from lysated cells in white half area 96-well plate (Corning, NY, USA) by GSH-

Glo™ Glutathione Assay kit (Promega, Medison, WI, USA) according to the manufacturer’s 

instructions. Total glutathione was determined by adding 1mM of tris(2-

carboxyethyl)phosphine (TCEP) to the GSH-Glo™ Glutathione Assay kit. GSSG levels were 

calculated by subtracting GSH content from the total glutathione content (GSSG = (GSHt-

GSH)/2). Luminescence was recorded on a microplate reader (LUMIstar OPTIMA, BMG 

Labtechnologies, Germany). 

 

mRNA isolation and expression. Total RNA was isolated by the phenol–chloroform 

extraction method using the RNA Instapure (Eurogentec, Liege, Belgium). The purity and 

concentration of total RNA were determined spectrophotometrically at an absorbance 

wavelength of 260/280 nm and 230/260 nm, respectively. RNA samples were stored at −80°C 

until analysis. Complementary DNA (cDNA) was synthesized using iScript cDNA Synthesis Kit, 

according to the manufacturer's instructions (Biorad, Veenendaal, The Netherlands). SYBR 

green Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) was 

performed using the iCycler Thermal Cycler (Bio-Rad, Veenendaal, The Netherlands). After 

each run a melt curve was performed to ensure that only single DNA products were 

amplified. A negative control sample (non-RT samples) was included. Beta-actin primers were 

obtained from the RTPrimer database, and PXR, GCLC and GST primers were obtained by a 

run through the National Center for Biotechnology Information (NCBI) and Blast (nucleotide 

nonredundant database) to confirm specificity. Primer sequences were for human PXR 

GCTGTCCTACTGCTTGGAAGAC (FP) and CTGCATCAGCACATACTCCTCC (RP), human GST 

TGGGGAAGCGGCCATGGTTTG (FP) and CCAAGCCCTCAAAGCGGGAGA (RP), human GCLC 

TGCAAAGGTGGCAATGCAGTGGT (FP) and TCCTCTGCAGCGAGCTCCGT (RP), human beta-actin 

TTGTTACAGGAAGTCCCTTGCC (FP) and ATGCTATCACCTCCCCTGTGTG (RP). Primer sequences 

were for rat PXR CCGCACCTGGCCGATGTGTC (FP) and AGGCAGCTCCCTGAAGTGGG (RP), rat 

GST ACCTGGGTCGCTCTTTAGGGCTT (FP) and TGCATCGAAGGTCCTCCACCCC (RP), rat GCLC 

GGAAACGCCGGAAGGAGGCT (FP) and GGGCAGCCTAGCCTGGGAAATG (RP), rat beta-actin 

AGCGTGGCTACAGCTTCACC (FP) and AAGTCTAGGGCAACATAGCACAGC (RP), rat ARBP 

CCTAGAGGGTGTCCGCAATGTG (FP) and CAGTGGGAAGGTGTAGTCAGTCTC (RP).  

 

 Data analysis. Two independent experiments were performed with rat hepatocyte 

isolations and THLE-Neo cell line. Each independent experiment was done with incubations in 

triplicate. Details of the number of experiments are described in the legend of the figures. 

Graph representation and IC50 calculations were performed using Prism 4.0 (GraphPad 

Software, San Diego, CA). Statistical significance of differences of the means was determined 
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by two-way ANOVA analysis followed by a Holm-Sidak multiple comparison test or Student’s 

t-test using SigmaPlot 11. Differences were considered statistically significant with p< 0.05.  

 

 Results 

 

Cytotoxicity by MDMA and its metabolites  

 

THLE-Neo cells. In this study we have used THLE cells transfected with an empty 

vector (THLE-Neo) and these cells do not display any CYP1A2, CYP2D6 or CYP3A4 activity 

(data not shown). The cytotoxic potential of MDMA and MDMA metabolites MDA, HHMA, 

HMA and HMMA was determined in the THLE-Neo cells using MTT. With the exception of 

HHMA, MDMA and the other MDMA metabolites tested did not induce any cytotoxicity up to 

1 mM (data not shown). HHMA induced cytotoxicity in a concentration-dependent manner 

with an IC50 value of 130.7 µM. At the highest concentration HHMA tested (0.4 mM), no 

viable cells were present anymore (Figure 4.2A). To investigate the role of GSH in MDMA-

metabolite detoxification and concurrent effect on cell viability, THLE-Neo cells were exposed 

to MDMA or its metabolites alone or in combination with 50 µM buthionine sulfoximine 

(BSO), which is a γGCL inhibitor (see Figure 4.1). The inhibition of glutathione (GSH) synthesis 

by BSO did not affect cell viability upon MDMA, MDA, HMA, and HMMA exposure (data not 

shown). However, cells co-exposed to HHMA and BSO showed a further 9.2% and 41.5% 

decrease in cell viability when compared with exposure to HHMA alone at 0.1 and 0.2 mM, 

respectively. The IC50 value for induction of cytotoxicity by HHMA in combination with BSO 

was 100.2 µM (Figure 4.2A). Co-exposure with 1 mM N-acetyl-cysteine (NAC) completely 

inhibited HHMA-induced cytotoxicity (Figure 4.2A) and the brown-colored turbidity caused 

by HHMA exposure also disappeared (data not shown). On the other hand, concomitant 

exposure to HHMA and 5 µM sulforaphane (SFN) further aggravated cytotoxicity. The IC50 

value for induction of cytotoxicity by HHMA decreased to 59.7 µM, when co-exposed to SFN 

(Figure 4.2A).  

 

Primary rat hepatocytes. In primary rat hepatocytes, only the highest MDMA 

concentration tested (1.6 mM), decreased cell viability to approximately 28% (data not 

shown). At 0.8 mM MDMA, cell viability was 13.1% reduced when compared to vehicle-

control treated cells, however this reduction was not statistically significant (Figure 4.2B). 

Concomitant exposure of primary rat hepatocytes to 0.8 mM MDMA and NAC or SFN showed 

similar effects on cytotoxicity as in THLE-Neo cells upon co-exposure. NAC could counteract 

the observed cytotoxic effect following MDMA exposure, while SFN further increased 

cytotoxicity by 69.3% (Figure 4.2B). 
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Figure 4.2. Cell viability was measured in different cell models to evaluate cytotoxicity after a 

24-h exposure to various concentrations of HHMA (THLE-Neo) (A) and MDMA (primary rat hepatocytes) 

(B). (A) THLE-Neo cells were incubated for 24-h with HHMA (0-0.4 mM) alone or in combination with 

NAC (1 mM), BSO (50 µM) or SFN (5 µM). (B) Primary rat hepatocytes cells were incubated for 24-h with 

MDMA (0.8 mM) alone or in combination with NAC (1 mM) or SFN (12.5 µM). Two independent 

experiments were performed in triplicate. Data are represented as mean ± SEM (n=3) of one 

representative experiment. Statistical significance of differences between means was determined by 

two-way ANOVA analysis followed by a Holm-Sidak multiple comparison test. (*), p < 0.05 versus 

vehicle-control treated cells. (#), p < 0.05 versus drug-treated cells. 

 

 GSH and GSSG levels  

 

THLE-Neo cells. GSH levels were determined in THLE-Neo cells following exposure to 

various concentrations of MDMA and MDMA metabolites (MDA, HHMA, HMA and HMMA). 

No statistically significant changes in GSH levels were observed upon MDMA, MDA, HMA or 

HMMA exposure up to 1 mM (data not shown). However, at 0.06 and 0.1 mM HHMA a 66.9% 

and 69.2% increase of GSH in the THLE-Neo cells was observed (Figure 4.3A). At higher 

HHMA concentrations (0.2, 0.3 and 0.4 mM), the GSH levels decreased 23.7%, 63.7% and 

88.6% compared to the vehicle-control treated cells, respectively (Figure 4.3A) The levels of 

GSSG were only increased 76% and 88.7% at HHMA concentrations where GSH levels were 

increased. These results indicate that GSH was affected by this cytotoxic MDMA metabolite 

(Figure 4.3A). 
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Figure 4.3. GSH (■) and GSSG (□) levels in THLE–Neo cells following exposure to various 

concentrations of HHMA (0-0.4 mM) alone or in combination with NAC (1 mM) or SFN (5 µM). Two 

independent experiments were performed in triplicate. Data are represented as mean ± SEM (n=3) of 

one representative experiment. Statistical significance of differences between means was determined 

by one-way ANOVA analysis followed by a Holm-Sidak multiple comparison test. (*), p < 0.05 versus 

vehicle-control treated cells in black bars. (#), p < 0.05 versus vehicle-control treated cells in white bars. 
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In addition, GSH and GSSG levels were determined in THLE-Neo cells upon exposure to 

HHMA (0-0.4 mM) alone or in combination with NAC (1 mM) or SFN (5 µM) (Figure 4.3B-C). 

Following HHMA and NAC (1 mM) co-exposure, GSH levels were only moderately lowered 

and GSSG levels were marginally increased in a concentration-dependent manner (Figure 

4.3B). In contrast, upon co-exposure with SFN (5 µM), GSH levels decreased further 

compared with HHMA alone. Upon co-exposure to 0.06, 0.2, 0.3 and 0.4 mM HHMA and SFN, 

GSH levels were decreased 84.2%, 85.7%, 46.1%, 23.7% and 6.4% compared to HHMA-

treated cells, respectively (Figure 4.3C).  In addition, GSH levels were completely depleted 

upon co-exposure to 50 µM BSO (data not shown). 

 

Primary rat hepatocytes. In primary rat hepatocytes, GSH levels were determined 

upon exposure to a non-toxic concentration of MDMA (0.8 mM) alone or in combination with 

NAC (1 mM) or SFN (12.5 µM) (Figure 4.4). MDMA alone caused a 22% increase of GSH level, 

comparable to what was observed in the THLE-Neo cells exposed to HHMA concentrations 

below 0.2 mM. GSH levels were increased upon MDMA and NAC co-exposure in the primary 

rat hepatocytes, while MDMA and SFN (12.5 µM) co-exposure significantly reduced GSH 

levels with a depletion of ~ 40% compared to vehicle-control treated cells (Figure 4.4). 

 

 
 

Figure 4.4. GSH levels in primary rat hepatocytes cells following exposure to MDMA (0.8 mM) 

alone or in combination with NAC (1 mM) or SFN (12.5 µM). Two independent experiments were 

performed in triplicate. Data are represented as mean ± SEM (n=6). Statistical significance of 

differences between means was determined by two-way ANOVA analysis followed by a Holm-Sidak 

multiple comparison test. (*), p < 0.05 versus vehicle-control treated cells. (#), p < 0.05 versus drug-

treated cells. 

 

 γγγγGCL, GST and PXR expression levels  

 

The expression levels of GCLC (the catalytic subunit of γGCL) and GST were 

determined after a 24-h incubation with HHMA in THLE-Neo cells (Figure 4.5) or MDMA in 
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primary rat hepatocytes (Figure 4.6). In addition, the effect on gene expression of an 

important regulator of these enzymes, PXR, was determined.  

 

THLE-Neo cells. THLE-Neo cells were exposed to HHMA (0.1 and 0.3 mM) alone or in 

combination with NAC (1 mM) or SFN (5 µM). At these HHMA concentrations, cells presented 

a different response in GSH level and cytotoxicity; 0.1 mM caused an increase while 0.3 mM 

a decrease in GSH level (see Figure 4.3A). GCLC expression was concentration-dependently 

increased upon 0.1 and 0.3 mM HHMA exposure, respectively 1.5- and 3.4-fold compared to 

vehicle-control treated cells, respectively (Figure 4.5A). NAC and SFN caused different effects 

on GCLC expression; NAC did not significantly affect GCLC expression, whereas SFN induced 

the expression 2.2-fold compared to vehicle-control treated cells. Moreover, co-exposure to 

NAC and HHMA did not significantly alter the expression levels of GCLC, but SFN and HHMA 

(0.3 mM) together increased GCLC expression 4.5-fold compared to vehicle-control treated 

cells (Figure 4.5A). GST expression levels were also concentration-dependently up-regulated 

following 0.1 and 0.3 mM HHMA exposure showing a 1.7- and 2.2-fold induction compared 

to vehicle-control treated cells, respectively (Figure 4.5B). NAC and SFN alone did not alter 

GST expression; neither did SFN and HHMA co-exposure compared with SFN-treated cells. 

However, NAC and HHMA (0.1 and 0.3 mM) co-exposure increased GST expression by 1.2- 

and 1.5-fold compared with NAC-treated cells, respectively (Figure 4.5B). On the other hand, 

NAC and SFN co-exposure to HHMA significantly reduced GST levels when compared to 

HHMA.  PXR expression levels were significantly decreased upon 0.3 mM HHMA (Figure 

4.5C). On the other hand, NAC or SFN alone did not significantly alter PXR expression in the 

THLE-Neo cells (Figure 4.5C). However, 0.3 mM HHMA and SFN co-exposure resulted in a 3.6-

fold induction of PXR gene expression compared to vehicle-control treated cells and 3.0-fold 

compare to SFN-treated cells (Figure 4.5C). 

 

Primary rat hepatocytes. Gene expression of GCLC, GST and PXR was determined in 

primary rat hepatocytes exposed to a non-cytotoxic MDMA concentration (0.8 mM) alone or 

in combination with SFN (12.5 µM) (Figure 4.6). GCLC expression slightly decreased upon 

MDMA exposure, although this decrease was not statistically significant. Conversely, SFN 

induced GCLC expression by 11.7-fold compared to vehicle-control treated cells. However, 

following co-exposure with MDMA and SFN, the up-regulation observed was only 2.5-fold 

higher than vehicle-control treated cells (Figure 4.6A).  

GST expression was increased 2.1- and 2.3-fold compared to vehicle-control treated 

cells following exposure to MDMA and SFN, respectively. SFN and MDMA co-exposure 

increased GST expression levels by 1.3-fold compared to vehicle-control treated cells (Figure 

4.6B).    

PXR expression levels in primary rat hepatocytes significantly decreased 0.5-fold 

compared with vehicle-control treated cells upon MDMA or SFN exposure, respectively. In 

contrast, PXR expression increased 3.9-fold compared with vehicle-control treated cells 

following MDMA and SFN co-exposure (Figure 4.6C).  
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Figure 4.5. Gene expression of (A) GCLC (B) GST and (C) PXR in human THLE-Neo cells upon 

exposure to HHMA (0.1 and 0.3 mM, white bars) or NAC (1 mM alone or in combination with HHMA, 

grey bars) or SFN (5 μ M alone or in combination with HHMA, black bars). Cells were treated with 

vehicle-control or drugs for 24-h. Data are represented as mean fold change compared to vehicle-

control treated cells ± SEM (n=6). Statistical significance of differences between means was determined 

by two-way ANOVA analysis followed by a Holm-Sidak multiple comparison test. (*), p < 0.05 versus 

vehicle-control treated cells. (#), p < 0.05 versus drug-treated cells. 
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Figure 4.6. Gene expression of (A) GCLC (B) GST and (C) PXR in primary rat hepatocytes cells 

upon exposure to MDMA (0.8 mM, white bars) or SFN (12,5 μ M alone or in combination with MDMA, 

black bars). Cells were treated with vehicle-control or drugs for 24-h. Data are represented as mean 

fold change compared to vehicle-control treated cells ± SEM (n=6). Statistical significance of differences 

between means was determined by two-way ANOVA analysis followed by a Holm-Sidak multiple 

comparison test. (*), p < 0.05 versus vehicle-control treated cells. (#), p < 0.05 versus drug-treated cells. 
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Discussion 

 

Several phase I enzymes, such as CYP1A2, CYP2B6, CYP2C19, CYP3A4 and CYP2D6,  

and phase II enzymes, like COMT, UGT, GST, are known to be involved in MDMA metabolism 
2, 12, 15, 18

. However, the interaction and regulation of many of these enzymes upon MDMA 

exposure is not yet understood. Some MDMA metabolites are considered to generate 

cellular oxidative stress and consequently cause drug-induced liver injury (DILI).  In relation to 

this, the glutathione system plays an important role in protecting the cell from oxidative 

stress. To determine to which extent cellular and molecular responses of the glutathione 

system are influenced by MDMA and its metabolites, we conducted a series of in vitro 

experiments using the THLE-Neo human liver epithelial cell line and primary rat hepatocytes.  

 

After uptake, MDMA is mainly metabolized in the liver by phase I enzymes. So far 

many studies focused on the role of CYP2D6, but it has also been shown that CYP3A4 plays 

an important role in MDMA bioactivation 
15, 17

. Metabolism of MDMA by both CYP2D6 and 

3A4 yields several potentially cytotoxic catechol-metabolites such us HHMA and HHA, which 

can be further oxidized to ortho-metabolites, that are highly redox-reactive and generate 

ROS 
2, 4, 13, 15, 22

. Moreover, in the presence of GSH, thiol-metabolites can be formed that 

appear to be even more cytotoxic than the catechol-metabolites (see Figure 4.1) 
2, 23, 24

. In 

our study, only HHMA caused cytotoxicity in the THLE-Neo cells (Figure 4.2A) and this is the 

major metabolite found in humans 
13

. In contrast, the cytotoxic effect of MDMA exposure 

was only minor in primary rat hepatocytes (Figure 4.2B). This was most likely due to the fact 

that the less-toxic metabolite MDA is the major metabolite formed in rat hepatocytes 
36, 37

. 

The increased cytotoxicity in THLE-Neo cells concurs with a depletion of GSH. Interestingly, 

low concentrations HHMA in both THLE-Neo cells and MDMA in primary rat hepatocytes 

caused an initial increase in GSH levels. This effect is suggested to be a primary cellular 

response to moderate oxidative stress in which GSH levels increase as a defense against 

cellular damage 
38, 38-40

.In addition, we observed an increase in GSSG levels at those low 

concentrations of HHMA, which indicates de novo GSH synthesis.  When the HHMA 

concentrations were increased to 0.2 mM or higher, GSSG levels were not altered, whereas 

GSH levels were continuously depleted. This indicates a direct GSH conjugation to HHMA that 

lower GSH levels inducing higher vulnerability to oxidative-mediated stress and subsequent 

decrease in cell viability 
2
. 

 Glutamate cysteine ligase (γGCL), the rate-limiting enzyme for de novo GSH synthesis, 

is suggested to act as sensor for GSH level in the cell, as GSH itself can inhibit γGCL activity 
26-

28
. γGCL is a heterdimeric protein formed by a catalytic and a modulatory subunit (GCLC and 

GCLM, respectively). Both subunits are induced during oxidative stress, however only GCLC 

has been suggested as essential for the GSH synthesis 
41

. Upon HHMA exposure, GCLC 

expression increased up to 3.4-fold in THLE-Neo cells. In contrast, GCLC expression was 

decreased in primary rat hepatocytes upon MDMA exposure. This is in line with the increase 

of GSH and moderate cytotoxicity observed upon MDMA exposure. However, GST expression 
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was increased in both THLE-Neo cells and primary rat hepatocytes, suggesting an increased 

GSH conjugation to reactive MDMA metabolites. 

 

In order to prevent or reduce oxidative cellular stress, the use of are two well-

established antioxidant compounds such us N-acetyl-cyteine (NAC) and sulforaphane (SFN) is 

often applied 
27, 42-44

. However, mechanistic knowledge concerning the antioxidant properties 

of NAC and SFN upon oxidative stress caused by MDMA or HHMA is virtually lacking. NAC is a 

cysteine donor stimulating the GSH synthesis. Recent studies have shown that NAC increases 

γGCL and GST activity, GSH/GSSG ratio, and decreases the lipid peroxidation level during 

oxidative stress in liver and kidney of Tilapia (Oreochromis niloticus) 
45

. NAC administration 

also increased hepatocyte survival of GCLC-knockout mice 
46

. It also improves oxygenation 

and decreases mortality rates in patients with acute respiratory distress syndrome in which 

oxidative stress plays an important role 
47

. Carvalho et al. previously showed that pre-

treatment with NAC can prevent GSH depletion and consequently reduces cell toxicity 

caused by MDMA metabolites in primary rat hepatocytes 
42

. In this study, we co-exposed 

human and rat liver cells to NAC or SFN with MDMA or its metabolites. In human THLE-Neo 

cells, NAC completely restored GSH levels that were depleted upon HHMA exposure. As a 

result HHMA-induced cytotoxicity was completely abolished and this resulted in increased 

cell viability. The induction of GCLC expression by HHMA was also counteracted, showing 

that NAC restored GSH levels without inducing de novo synthesis. GST expression upon 

HHMA treatment was still somewhat higher with NAC than in vehicle-control treated cells or 

with HHMA alone, suggesting that GSH conjugation was also stimulated by NAC. These 

findings correspond with the findings of Carvalho et al. who used antioxidants as pre-

treatment 
42

. The results of our experiments indicate that even after or during MDMA 

intoxication, clinical treatment with NAC might be useful to prevent or to reduce 

hepatotoxicity. 

Sulforaphane (SFN) is a naturally occurring sulphur-containing compound commonly 

found in cruciferous vegetables, such as broccoli, which has been shown to be potent inducer 

of phase II enzymes 
43, 48

. Earlier studies have shown that SFN can inhibit CYP3A4 activity and 

expression 
49, 50

. This metabolic interaction of SFN with CYP3A is of great relevance, since 

CYP3A also mediates MDMA bioactivation. SFN rapidly accumulates into cells and then 

conjugates with GSH either by non-enzymatic or GST-mediated reactions 
51

. These reactions 

can cause extreme GSH depletion and generate cellular redox stress 
43

. As described above, 

this will ultimately lead to an increased GSH synthesis, assuming the hepatocyte survives the 

initial cytotoxicity. Furthermore, several in vivo and in vitro studies have shown the capability 

of SFN to induce phase II enzymes containing antioxidant responsive elements (AREs) like 

NAD(P)H:quinone oxidoreductase (NQO1), GSTs, uridine 5-diphosphatase-glucoronosyl 

trasferase (UGT), epoxide hydrolase, ferritin, γGCL and catalase 
43

. More recent studies 

suggest that SFN regulates Nrf2-mediated signalling, which controls the expression of many 

genes responsible for protection against oxidative stress 
27, 43, 52, 53

. In our study, co-exposure 

to HHMA or MDMA and SFN caused a rapid decline in GSH levels without the initial GSH 

increase observed with HHMA or MDMA alone. This was observed in the THLE-Neo cells as 
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well as primary rat hepatocytes. The cell viability was also severely compromised upon co-

exposure with SFN. Several authors suggested that SFN protection against oxidative damage 

occurs only when cells are pre-incubated with SFN before the actual exposure to reactive 

metabolites 
48

. Guerrero-Beltran et al. used an in vitro and ex vivo kidney cell model to show 

that cytotoxicity was prevented by SFN pre-exposure through GCLC induction and 

subsequent increase of GSH 
44

. Based on these results SFN may have the potential to be used 

as a chemopreventive agent to reduce oxidative damage. Although we did not observe an 

increased GSH level after MDMA and SFN co-exposure, GCLC expression was increased up to 

4.5- and 11.7-fold, while GST increased 2.2- and 2.1-fold in THLE-Neo cells and primary rat 

hepatocytes, respectively. The 24-h incubation period in our study was possibly too short to 

observe such an increase in GSH and protection against cytotoxicity. On the other hand, the 

cytotoxicity observed when cells were co-exposed to SFN with HHMA (THLE-Neo cells) or 

MDMA (primary rat hepatocytes) was so severe that recovery seems unlikely. Taken 

together, our data suggests that clinical treatment with SFN as post-treatment method is 

debatable. 

 

Previously, we found an interaction of MDMA and its metabolites with PXR 
54

. PXR is 

highly expressed in the liver and regulates the production of metabolizing enzymes and 

cellular drug transport proteins such us OATP2, MRP2, and MDR1 
31, 55

. In addition, PXR is 

also suggested to be involved in cellular oxidative stress responses 
56

. In our study, MDMA 

decreased PXR expression in primary rat hepatocytes and HHMA appeared to lower PXR 

expression in THLE-Neo cells. NAC did not affect PXR expression, suggesting that upon NAC 

co-exposure the cellular stress is neutralised. SFN on the other hand strongly increased PXR 

expression in HHMA-exposed THLE-Neo cells and MDMA-exposed primary rat hepatocytes. 

Together with the observed depletion of GSH and decreased cell viability, this again points 

towards a cellular stress response of the THLE-Neo cells as well as primary rat hepatocytes 

upon co-exposure to MDMA/HHMA and SFN.     

 

In summary, we found that exposure to the reactive MDMA metabolite HHMA caused 

a significant decrease in GSH levels and decrease in cell viability in vitro. This MDMA-induced 

cellular stress resulted in up-regulation GCLC and GST gene expression, suggesting increased 

de novo GSH synthesis and GSH conjugation, The GSH depletion was reverted upon NAC co-

exposure, but aggravated after SFN co-exposure. This suggests that the use of antioxidants to 

counteract MDMA-induced liver toxicity could consist of restoring of adequate GSH levels by 

NAC supplementation. As it is well known that NAC is safely used as antidote in human 

acetaminophen intoxications the results of our studies indicate that NAC supplementation 

might also be useful as an antidote to prevent liver injury in acute human MDMA 

intoxications. However, the use of an antioxidant such as SFN as an antidote, which acts 

through other mechanisms, e.g. stimulation of antioxidant genes such as GCLC and GST or 

inhibition of CYP3A, is not advised in acute human MDMA intoxications.  
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Abstract  

 

3,4-methylenedioxymethamphetamine (MDMA, Ecstasy) is a widely used recreational 

drug that is known to induce hepatotoxicity in humans. Immune cells have been suggested to 

play an important role in MDMA-mediated liver injury. We have investigated this role using 

an in vitro co-culture model with a classical human liver cell line (HepG2) and a human 

monocytic cell line (THP-1) or primary human peripheral blood mononuclear cells (PBMC). 

MDMA concentration-dependently induced cytotoxicity in monocultures of HepG2 and THP-

1 cells, but not in PBMC, with IC50 values of 2.5 ± 0.2 mM and 3.9 ± 0.4 mM, respectively. 

Upon co-culture, a protection (HepG2/THP-1) versus impairment (HepG2/PBMC) of MDMA-

induced HepG2 cell viability was observed. In THP-1 cells, TNF-α expression was moderately 

decreased and IL-8 expression was increased. In the HepG2/PBMC model, MDMA exposure 

reduced TNF-α and IL-8 but increased IL-10 gene expression, comparable with effects 

observed in MDMA users. Immunosuppression appeared to be partially mediated by 

antagonistic effects of MDMA on peroxisome proliferator activated receptor alpha (PPARα) 

in HepG2 cells. These data suggest that the HepG2/PBMCs model could be useful to study 

drug-induced liver toxicity. Using this model, we have shown that immune responses can 

enhance MDMA-induced cytotoxicity in HepG2 liver cells. 
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Introduction  

 

MDMA (3,4-methylenedioxymethamphetamine) is an illicit drug of abuse with 

stimulant and hallucinogenic properties, which became widely available in Europe at the 

beginning of the 1990s.  Its use is mainly associated with nightclubs, dance music and some 

sub-cultures with a significantly higher consumption among young people 
1
. Long-term 

effects (decreases in learning, memory and psychiatric diseases) and severe acute toxic 

effects (tachycardia, hypertension, hyperthermia, intracranial hemorrhage and death) have 

been described frequently. Furthermore, hepatotoxicity after MDMA use has been reported 

in several occasions 
2-5

. Evidence of MDMA-related idiosyncratic drug reactions has been 

observed in cases of severe liver damage, which could not be explained by the amount or 

frequency of MDMA used 
6, 7

. In addition, it is likely that more cases of hepatotoxicity due to 

MDMA are subclinical and remain undetected. Subacute hepatotoxicity can ultimately lead 

to severe liver damage or drug-induced liver injury (DILI) with high patient morbidity and 

mortality rates 
8
. In general, two pathways appear to be involved in DILI: bioactivation of 

drugs leading to direct hepatotoxicity and adverse immune reactions 
8
. The mechanism 

behind immune-mediated DILI is complex and involves several cells represented in the liver 

besides hepatocytes, e.g. Kupffer cells (KC) and liver associated lymphocytes. MDMA is 

considered to be a cause of DILI, especially after repeated exposure. Besides factors such as 

hyperthermia, polydrug abuse pattern and the environmental conditions in which these 

drugs are commonly used, metabolism of MDMA and immune responses have both been 

suggested to play important roles in MDMA-induced hepatotoxicity 
9, 10

. Several studies 

showed that MDMA metabolism by cytochrome P450 2D6 (CYP2D6) and cytochrome P450 

3A (CYP3A) yields reactive, cytotoxic metabolites that can ultimately result in liver 

dysfunction 
11-13

. Studies describing fatal MDMA intoxications reported activated KC and 

infiltrated inflammatory cells (lymphocytes, neutrophils and eosinophils) in the liver 
7, 14-16

. 

MDMA-related toxicity via the immune system has further been suggested due to immune-

related neurotoxicity caused by activation of the microglia cells 
17, 18

. In contrast, MDMA-

mediated depression of the innate and adaptive immunity has been demonstrated in 

humans 
19, 20

 and laboratory animals 
21, 22

. Taken together, these studies show impaired 

neutrophil phagocytosis, reduction of circulating lymphocyte numbers, pro-inflammatory 

cytokines and chemokines, and increased anti-inflammatory cytokines upon MDMA 

exposure.  

Changes in the physiological conditions of the liver cells due to pathological or harmful 

exposure to drugs, such as MDMA, can result in the release of pro-inflammatory mediators 

and subsequent activation of immune cells that can contribute to the progression of liver 

damage. This can be illustrated by the observation that activated KC attract neutrophils and 

lymphocytes via secretion of pro-inflammatory cytokines and chemokines, like tumor 

necrosis factor alpha (TNF-α ) and interleukin 8 (IL-8), thereby mediating inflammatory 

responses in the liver 
23, 24

. Consequently, IL-8 is frequently used as a biomarker of drug-

induced hepatotoxicity 
25-27

. 
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Several cell types are involved in DILI, therefore in vitro liver models consisting of only 

a single cell type often present a low sensitivity and relatively low degree of predictability. In 

vivo, the liver is an organ with an enriched cell-type environment including nonparenchymal 

cells (sinusoidal endothelia, epithelia, KC and stellate cells) and parenchymal cells 

(hepatocytes) 
28

. In this respect, co-culture models should be better suitable in vitro systems 

for predicting drug-induced hepatotoxicity, which originate from interactions between 

different cell types comparable to the in vivo situation 
29-31

.  

In this study, we have investigated the role of immune cells on MDMA-induced 

hepatotoxicity by using in vitro co-culture models. The effect of MDMA on cytotoxicity and 

expression of pro-inflammatory cytokines (TNF-α and IL-8) and anti-inflammatory cytokine 

IL-10 was investigated in vitro, comparing monocultures and co-cultures of  a classical human 

liver cell line (HepG2) and a human monocytic cell line (THP-1) or primary human peripheral 

blood mononuclear cells (PBMC). In addition, the role of peroxisome proliferator activated 

receptor alpha (PPARα), an important regulator of inflammatory responses, in MDMA-

mediated TNF-α and IL-8 suppression was explored in the novel HepG2/PBMC co-culture 

model.  

 

Materials and Methods 

 

Chemicals and reagents. D,L- Methylenedioxymethamphetamine (MDMA) was 

obtained from Duchefa-Farma (Haarlem, The Netherlands). 3,(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) was purchased from Sigma (St. Louis, MO, USA). Human 

Albumin ELISA quantitation set was obtained from Bethyl Laboratories, Inc (Montgomery, TX) 

and human IL-8 ELISA kit was obtained from Biosource Europe SE (Nivelles, Belgium). Buffy 

coats were purchased from Sanquin (Amsterdam, NL). 

 

  Cell culture. The human hepatocellular carcinoma cell line HepG2 and the human 

monocytic leukemia cell line THP-1 were obtained from ATCC (Manassas, VA, USA). HepG2 

cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco 41966) with high 

glucose content, supplemented with 1% Non-essential amino acids (NEAA, Gibco 11140), 100 

U/ml penicillin and 100 μg/ml streptomycin (Gibco 15140) for optimal growth. THP-1 cells 

were cultured in suspension in Roswell Park Memorial Institute (RPMI) 1640 supplemented 

with 0.05 mM 2-mercaptoethanol and 100 U/ml penicillin and 100 μg/ml streptomycin 

(Gibco 15140). Primary human peripheral blood mononuclear cells (PBMCs) were isolated by 

ficoll gradient from the buffy coats that were obtained from blood bank donors (Sanquin, 

Amsterdam, NL). PBMC were seeded in DMEM serum free medium supplemented with 1% 

Non-essential amino acids, 100 U/ml penicillin and 100 μg/ml streptomycin. Cells were 

cultured at 37
o
C in a humidified atmosphere at 5% CO2. 

 

Drug treatment. Cells were treated with MDMA at concentrations ranging from 0- to 

4 mM during 4-h or 24-h in DMEM medium serum free. Treatments with peroxisoma 

proliferator receptor alpha (PPARα) agonist (100 µM WY-14643) and antagonist (10 µM 
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GW6471), alone or in combination with 1 mM MDMA during 4-h, were also evaluated. Prior 

to incubation of WY-14643 and MDMA or GW6471 and MDMA, cells were pre-treated 30-

min to PPARα agonist and antagonist, respectively. 

During monoculture conditions, HepG2 cells were seeded in DMEM culture medium 

and the day after cells were exposed during 4-h and 24-h to MDMA and/or PPARα agonist 

and antagonist at concentrations previously mentioned in DMEM serum free medium. Since 

THP-1 or PBMCs are cells which grow in suspension, they were seeded and directly exposed 

during 4-h and 24-h to MDMA and/or WY-14643 and GW6471 in DMEM serum free medium. 

In co-culture conditions, HepG2 cells were cultured overnight and THP-1 or PBMCs were 

added the day after in DMEM serum free medium together with various MDMA 

concentrations previously mentioned during 4-h and 24-h. HepG2/THP-1 or HepG2/PBMCs 

were seeded in a ratio 3:1 in these studies. This ratio is similar to previously described co-

culture models   
29, 30

. 

Following the incubations, the supernatants were separated from cell cultures by 

centrifugation and stored at -80
o
C until assayed.  

 

Cytotoxicity assay. The cell viability was determined by measuring the capability of 

the cells to reduce MTT (3,(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to the 

blue-colored formazan after incubation. Briefly, HepG2 and THP-1 or PBMCs cells were 

seeded at density of 1 x 10
5 

(HepG2) and 33 x 10
3
 (THP-1 or PBMCs) cells / well in 96-well 

plates. Monocultures or co-cultures were treated with various concentrations of MDMA 

during 4-h and 24-h in DMEM medium serum free. Afterwards, toxicity studies of each cell 

model were evaluated individually. Cells grown in co-culture were separated previously to 

MTT incubation. HepG2, THP-1 and PBMCs cells were incubated with MTT during 30-min, 60-

min and 210-min, respectively. Quantification of the formazan dye was determined 

spectrophotometrically at 595 nm (FLUOstar Galaxy, BMG Labtechnologies). 

 

Quantification of IL-8 and Albumin secretion.   To determine IL-8 and albumin levels 

in cultures supernatants of HepG2 monoculture and HepG2 co-culture with THP-1 or PBMCs, 

cells were seeded at density of 1 x 10
5 

(HepG2) and 33 x 10
3
 (THP-1 or PBMCs) cells / well in 

96-well plates. The cells were exposed to MDMA (0-4 mM) during 24-h, after which 

supernatant was collected from each well. The quantification of IL-8 and albumin were 

determined using specific ELISA kits. The assays were performed according to instructions of 

the manufacturer. 

 

mRNA isolation and expression.  All the cells were seeded on 12-well plates at density 

of 1 x 10
6 

 cells / well (HepG2) and 33 x 10
4
 cells / well  (THP-1, PBMCs). Cells were treated 

with a non-cytotoxic concentration of MDMA (1mM) and /or WY-14643 (100 µM) and /or 

GW6471 (10 µM) during 4-h. Prior to incubation of WY-14643 and MDMA or GW6471 and 

MDMA, cells were pre-treated 30-min to PPARα agonist and antagonist, respectively. 

Afterwards, total RNA was isolated by phenol–chloroform extraction using RNA Instapure 

(Eurogentec, Liege, Belgium). Isolated RNA’s purity and concentration were determined 
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spectrophotometrically at an absorbance wavelength of 260/280 nm. RNA samples were 

stored at −80°C until analysis. 

Complementary DNA (cDNA) was synthesized using 0.6 μg of RNA by iScript cDNA 

Synthesis Kit, according to the manufacturer's instructions (Biorad, Veenendaal, The 

Netherlands). The obtained cDNA was diluted 10 times and was stored at 4 °C until further 

analysis. 

Quantitative reverse transcriptase-polymerase chain reaction (RT-qPCR) was 

performed in 96-well plate 0.2 ml thin-wall PCR plate using the iCycler Thermal Cycler (Bio-

Rad, Veenendaal, The Netherlands). A PCRmastermix contained 12.5 μl of IQ SYBR Green 

Supermix, a 100 nM of forward and reverse primer and 0.5 μl of water per sample. The qPCR 

was performed using 15 μl of the PCRmastermix together with 10 μl of 10 time’s diluted 

cDNA of each sample. The mixture was heated initially at 95 °C for 3-min, then followed by 

40 cycles with denaturation at 95 °C for 15 s and annealing/extension at 60 °C for 45 s. After 

each run a melt curve was performed to ensure that only single DNA products were 

amplified. A negative control sample (non-RT samples) was included. Beta-actin primers were 

obtained from the RTPrimer database, TNF-α, IL-8, ACOX1 and PPARα primers were designed 

as described presiously, respectively 
29, 32, 33

. IL-10 primers were designed and checked on 

National Center for Biotechnology Information (NCBI) and with Blast (nucleotide 

nonredundant database) to confirm specificity. Primer sequences for TNF-α (NM_000594.2) 

were TGCTGGTTCCTCAGCCTCTT (FP) and TGGGCTACAGGCTTGTCACT (RP) location 257-276 

and 441-422, respectively, yielding a 185 bp product size. Primer sequences for IL-8 

(NM_000584.2) were CTCTTGGCAGCCTTCCTGATT (FP) and 

TATGCACTGACATCTAAGTTCTTTAGCA (RP) location 126-146 and 212-185, respectively, 

yielding an 87 bp product size. Primer sequences for IL-10 (NM_000572.2) were 

GAGGCTACGGCGCTGTCATCGAT (FP) and CTTCACCTGCTCCACGGCCTTG (RP) location 422-444 

and 488-467, respectively, yielding a 67 bp product size. Primer sequences for ACOX1 

(NM_001185039.1) were TGGCACATACGTGAAACCGC (FP) and CGCTGTATCGGATGGCAATG 

(RP) location 1321-1340 and 1448-1429, respectively, yielding a 128 bp product size. Primer 

sequences for PPARα (NM_001001928.2) were ACGCTTTCACCAGCTTCGAG (FP) and 

GAAAGAAGCCCTTGCAGCCT (RP) location 393-412 and 561-542, respectively, yielding a 

169 bp product size. Primer sequences for beta-actin (NM_001101.3) were TTGTTACAG 

GAAGTCCCTTGCC (FP) and ATGCTATCACCTCCCCTGTGTG (RP) location 1480–1501 and 1580–

1559 in exon 6, respectively, yielding a 101 bp product size.  

 

Data analysis. Results are presented as mean ± SEM. All experiments were performed 

at least two independent times and in triplicate during each independent experiment. Details 

of the number of experiments are described in the figure legends. Statistical significance of 

differences between means were determined by two-way ANOVA analysis followed by a 

Tukey multiple comparison test using SigmaPlot 11. Differences were considered statistically 

significant from P< 0.05.  
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Results 

 

 MDMA cytotoxicity in monocultures compared to co-cultures. In monocultured 

HepG2 cells, a 24-h exposure to MDMA caused a concentration-dependent increase in 

cytotoxicity with an IC50 value of 2.5 ± 0.2 mM (Figure 5.1A, black bars). MDMA decreased 

cell viability about 77.2% at the maximum concentration tested (4mM). THP-1 cells in 

monoculture also showed an increased but less pronounced concentration-dependent 

cytotoxicity after MDMA exposure (Figure 5.1B, black bars) with an IC50 value of 3.9 ± 0.4 mM 

and reduction of cell viability of 52.5% at 4 mM MDMA. Also PBMCs in monoculture 

presented a concentration-dependent cytotoxicity (Figure 5.1C, grey bars), although the 

maximum decreased cell viability was not higher than 18.7% at 4 mM MDMA. 

 THP-1 cells appeared to protect HepG2 cells from MDMA-induced cytotoxic effects, 

as HepG2 cell viability significantly increased with 12.6% (2 mM), 19.8% (3 mM) and 23.3% (4 

mM) when co-cultured with THP-1 cells (Figure 5.1A, white bars). In addition, in THP-1 cells 

the MDMA-mediated cytotoxic effect was also significantly reduced starting at 1 mM, when 

co-cultured with HepG2 cells compared to THP-1 monocultures (Figure 5.1B, white bars). 

These results indicate that co-culture of HepG2 and THP-1 cells had a protective effect on 

both cell types. 

When HepG2 cells were co-cultured with PBMCs, the protective effect as observed 

with THP-1 was reverted into a significantly more cytotoxic outcome; HepG2 cytotoxicity due 

to MDMA exposure was increased in HepG2/PBMC co-cultures compared to monocultured 

HepG2 cells with 14.24% (2 mM), 17.36% (3 mM) and 8.05% (4 mM) (Figure 5.1A, striped 

bars). Viability of PBMC upon MDMA exposure was significantly increased when co-cultured 

with HepG2 cells, suggesting a proliferative effect on PBMCs (Figure 5.1C, dotted bars).  
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Figure 5.1. Cell viability was measured in different cell models to evaluate citotoxicity after 24-h 

exposure to MDMA compared to vehicle control-treated cells. (A) HepG2 cells in mono- and co-culture 

with THP-1 or primary human peripheral blood mononuclear cells (PBMCs) were incubated with MDMA 

(0-4 mM).  (B) THP-1 cells in mono- and co-culture were incubated with MDMA (0-4 mM). (C) PBMCs in 

mono- and co-culture were incubated with MDMA (0-4 mM). Two independent experiments were 

performed and during both experiments each concentration was tested in triplicate. Data are 

represented as a mean ± SEM of all experiments (n=6). Statistical significance of differences between 

means was determined by two-way ANOVA analysis followed by a Tukey multiple comparison test. (*), 

p < 0.05 and (**), p < 0.001 versus vehicle-control treated cells. (#), p < 0.05 and (# #), p < 0.001 versus 

monoculture MDMA-treated cells. 
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Biofunctionality of liver cells after MDMA exposure. Albumin is produced exclusively 

by the liver and albumin secretion can be used to assess liver functionality. A significantly 

differential basal albumin secretion was already observed when comparing HepG2 

monocultures to HepG2 co-cultured with THP-1 or PBMC. Basal albumin secretion was 

1287.8 ± 156.1 > 1044.8 ± 57.6 > 786.9 ± 135.8 ng/ ml/ 24h in HepG2, HepG2/PBMC and 

HepG2/THP-1, respectively. Upon MDMA exposure, albumin secretion in the three liver 

models was concentration-dependently decreased (Figure 5.2) concomitant with increased 

cytotoxicity (Figure 5.1). The albumin secretion in HepG2 monoculture (IC50 = 1.3 ± 0.1 mM) 

and HepG2 co-cultured with PBMCs (IC50 = 1.4 ± 0.1 mM) was not significantly different upon 

MDMA exposure. However, the improved viability of HepG2 cells grown together with THP-1 

(Figure 5.1A, white bars) was correlated with a significantly higher IC50 value for inhibition of 

albumin secretion by MDMA (IC50 = 2.0 ± 0.2 mM).  

 

 
 

Figure 5.2. Albumin secretion was evaluated after a 24-h exposure to MDMA (0-4 mM). The 

differences of HepG2 monocultures capability to release albumin was compared to co-culture models 

of HepG2 with THP-1 or primary human peripheral blood mononuclear cells (PBMCs). Supernatants 

were collected from two independent experiments which were performed in triplicate. Data are 

represented as a mean ± SEM of all experiments (n=6). Statistical significance of differences between 

means was determined by two-way ANOVA analysis followed by a Tukey multiple comparison test. (*), 

p < 0.05 versus monocultured HepG2 cells exposed to MDMA. 

 

MDMA modulation of cytokine secretion and expression. Inflammatory responses 

are initiated by the release of several cytokines and chemokines together with the 

recruitment of several immune cells type such as monocytes and neutrophils. To investigate 

if MDMA-induced hepatotoxicity could be related to an initiation of inflammatory reaction, 

changes in the level of IL-8 and TNF-α secretion and expression was measured following 

MDMA exposure. 
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IL-8 secretion. IL-8 secretion was measured after a 24-h exposure to vehicle control or 

MDMA (Figure 5.3). In HepG2 and PBMC monocultures, MDMA caused a concentration-

dependent decrease in IL-8 secretion (Figure 5.3A/B, black bars and 5.3B, striped bars). In 

contrast, in THP-1 monocultures, IL-8 secretion was concentration-dependently induced by 

MDMA (Figure 5.3A, striped bars). 

In the HepG2/THP-1 co-culture, IL-8 secretion was concentration-dependently 

decreased (Figure 5.3A, white bars), and the total secretion was not different from secretion 

of IL-8 secretion in each mono-culture. In HepG2/PBMC co-cultures on the other hand 

(Figure 5.3B, white bars), IL-8 secretion was lower than expected based on IL-8 secretion in 

separate mono-cultures at MDMA concentrations lower than 2 mM. At MDMA 

concentrations higher than 2 mM, IL-8 levels were not significantly different from the levels 

expected based on IL-8 secretion in HepG2 and PBMC monocultures.  

 

 
 

Figure 5.3.  IL-8 release was measured upon 24-h MDMA (0-4 mM) exposure in the cell cultures. 

The supernatants collected from HepG2, THP-1 and PBMCs mono- and co-culture were analyzed by a 

Human Albumin ELISA quantitation set. Two independent experiments were performed and during 

both experiments each concentration was tested in triplicate. Data are represented as a mean ± SEM of 

one representitve experiment (n=3). Statistical significance of differences between means was 

determined by two-way ANOVA analysis followed by a Tukey multiple comparison test. (*), p < 0.05 and 

(**), p < 0.001 versus vehicle-control treated cells. (#), p < 0.05 and (# #), p < 0.001 versus monoculture 

MDMA-treated cells. 
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IL-8, TNF-α and IL-10 gene expression. To investigate which cell type is responsible for 

the IL-8 production, gene expression was determined in all cells from the different culture 

models after an exposure of 4-h to a non-cytotoxic concentration of 1 mM MDMA. Basal IL-8 

mRNA expression levels in HepG2 were not different between HepG2 mono- and co-culture 

with THP-1. On the other hand in co-culture with PBMC, IL-8 expression in HepG2 decreased 

2.3-fold compared with HepG2 mono-culture (Figure 5.4A). THP-1 co-cultured with HepG2 

showed a 3.0-fold reduction of the basal IL-8 expression compared with mono-cultured THP-

1 cells (Figure 5.4A).  PBMC co-cultured with HepG2 showed a 1.84-fold induction of IL-8 

basal expression compared to PBMC monocultures (Figure 5.4A). 

In line with the IL-8 secretion described above, IL-8 expression in HepG2 was 

decreased upon MDMA exposure in mono- and co-cultured HepG2 cells (Figure 5.4B). This 

decrease in IL-8 expression by MDMA was most pronounced (4.1-fold) when HepG2 cells 

were co-cultured with PBMC. On the other hand, IL-8 expression in THP-1 cells was 

significantly upregulated in both mono-cultured and cells co-cultured with HepG2. In THP-1 

mono-cultured cells MDMA (1 mM) caused a 4.6-fold induction of IL-8 gene expression, while 

at this concentration no significant effect on IL-8 secretion was observed. When co-cultured 

with HepG2, IL-8 expression in THP-1 cells was increased 1.9-fold upon MDMA exposure. 

Gene expression of TNF-α was also determined. TNF-α secretion in our culture models 

was too low to be detected, although the cells were able to release TNF-α upon 

lipopolysaccharide (LPS, 1 and 10 μg/ ml) stimulation (data not shown). Basal TNF-α 

expression in HepG2 cells showed no differences between mono- and co-cultured cells with 

THP-1 or PBMC (Figure 5.4C). On the other hand, changes in TNF-α expression were observed 

in immune cells when co-cultured with HepG2 cells. In co-culture with HepG2, TNF-α 

expression decreased 3.0-fold in THP-1 cells and increased 2.0-fold in PBMC compared with 

monocultured immune cells (Figure 5.4C). 

Exposure to 1 mM MDMA decreased TNF-α expression in HepG2 cells, but only in the 

presence of an immune cell, either THP-1 (3.2-fold) or PBMCs (27.3-fold), (Figure 5.4D). An 

altered TNF-α expression in immune cells was also observed upon MDMA exposure (Figure 

5.4D). THP-1 (Figure 5.4D, grey bar) and PBMC (Figure 5.4D, light grey bar) monocultures 

exposed to 1mM MDMA showed a significantly decreased TNF-α expression when compared 

to vehicle control-treated cells. Conversely in co-cultures, MDMA caused a mild decrease 

TNF-α expression in THP-1 cells, while was strongly decreased in PBMC.  

Since expression of the pro-inflamatory cytokine (TNF-α) was decreased an increase of 

anti-inflamatory cytokines was to be expected. Therefore, we evaluated the levels of  IL-10 

expression in the HepG2 monocultures and co-cultured with THP-1 and PBMC. Significant 

upregulation of IL-10 expression by MDMA in HepG2 was only found in co-cultures of HepG2 

with immune cells, either with THP-1 (4.3-fold) or PBMC (2.3-fold) (data not shown). 
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Figure 5.4. IL-8 (A) and TNF-α (C) gene expression in HepG2, THP-1 and PBMCs mono- and co-

culture after a 4-h to vehicle-control treatment. IL-8 (B) and TNF-α (D) gene expression in HepG2, THP-1 

and PBMCs mono- and co-culture after a 4-h to MDMA (1 mM). Two independent experiments were 

performed and during both experiments each concentration was tested in triplicate. Data are 

represented as a mean ± SEM (n=6). Statistical significance of differences between means was 

determined by two-way ANOVA analysis followed by a Tukey multiple comparison test. ($), p<0.05 

versus vehicle-control treated cells in monocultures. (*), p < 0.05 and (**), p < 0.001 versus vehicle-

control treated cells, where controls were normalized to 1. (#), p < 0.05 and (# #), p < 0.001 versus 

monocultured MDMA-treated cells. 

 

Regulation of cytokines gene expression by PPARαααα and MDMA-mediated effects. 

The peroxisome proliferator activated receptor alpha (PPARα) is known to be involved in the 

regulation of inflammatory responses. Therefore, the possible role of the MDMA-induced 

effects on TNF-α, IL-8, ACOX1 and PPARα gene expression was investigated (Figure 5.5 and 

5.6). Because the HepG2/PBMCs model contains several immune cell types (monocytes and 

lymphocytes subsets), thus most likely resembles the in vivo situation more closely, this 

model was chosen to study the role of PPARα.  
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HepG2 and PBMC mono- and co-cultures were pretreated for 30-min with a PPARα 

agonist (WY-14643, 100 µM) or antagonist (GW6471, 10 µM). Following pre-treatment, cells 

were incubated with WY-14643 or WY-14643 + GW6471 alone or in combination with 1 mM 

MDMA. Cell viability was not affected by these treatments (data not shown). Besides TNF-α 

and IL-8 gene expression levels, gene expression of PPARα and a commonly used PPARα 

target gene, peroxisomal acyl-coenzyme A oxidase 1 (ACOX1) were determined.  

 

MDMA-mediated decrease in TNF-α, IL-8, ACOX1 and PPARα expression in HepG2 

cells. Expression of TNF-α in HepG2 cells was not different in mono- or co-cultures with 

PBMC. On the other hand, IL-8 mRNA levels in HepG2 cells showed a 2.3-fold decreased 

expression in co-culture with PBMC compared to monocultured HepG2 cells. ACOX1 and 

PPARα expression was reduced 1.7- and 1.5-fold in HepG2 cells in co-culture with PBMC 

compared with HepG2 monocutured cells (data not shown). 

TNF-α, IL-8 and ACOX1 expression in HepG2 monocultures were induced 2.8-, 2.5-, 

2.1-fold, respectively, upon stimulation of the PPARα by the agonist WY-14643 (Figure 5.5). 

The induction of gene expression was lower and no longer significantly different from 

vehicle-control treated cells when HepG2 cells were co-cultured with PBMC. In all culture 

conditions, TNF-α, IL-8 and ACOX1 expression levels were reverted back to vehicle-control 

levels when the PPAR agonist (WY-14643) was used together with the antagonist GW6471.  

Following MDMA (1 mM) co-exposure with WY-14643, the induction of the gene expression 

was significantly suppressed compared to non MDMA-treated cells with 88.7% (IL-8) >73.6% 

(TNF-α) >52.1% (ACOX1) in HepG2 monocultures. The suppressive effect of MDMA was more 

pronounced in HepG2 cells when co-cultured with PBMC and was 93.9% (TNF-α) >91.3% (IL-

8) >21.3% (ACOX1). PPARα did not show major changes in gene expression upon treatments. 

Only in HepG2 monocultures, PPARα expression was significantly decreased upon MDMA 

exposure alone or in combination with WY-14643.  

 

MDMA-mediated decreased TNF-α and IL-8 expression in the primary human 

peripherial blood mononuclear cells (PBMCs). When co-cultured with HepG2, TNF-α and IL-8 

expression increased 2.0- and 1.8-fold, respectively, in PBMC compared with PBMC 

monocultures (data not shown). 

The PPARα agonist WY-14643 significantly induced TNF-α expression (4.1-fold) in 

PBMC monocultures, but did not affect IL-8, ACOX1 and PPARα expression. A significantly 

decreased TNF-α expression level and an increased IL-8 expression level were found in PBMC 

when co-cultured with HepG2 compared to PBMC monocultures treated with WY-14643. 

Again, MDMA (1 mM) exposure suppressed WY-14643-induced gene expression compared to 

non MDMA-treated cells with a 67.5% (TNF-α) >51.9% (IL-8) in PBMC monocultures and an 

86.9% (TNF-α) >61.0% (IL-8) in PBMC when co-cultured with HepG2. MDMA-mediated 

suppression was more pronounced than the suppression caused by GW6471. ACOX1 and 

PPARα did not show major changes in expression during all treatments and culture 

conditions of PBMC, which indicates that MDMA-mediated effects by PPARα were mainly 

located in the hepatoma cells.   
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Figure 5.5. TNF-α, IL-8 ACOX1 and PPARα gene expression in HepG2 mono- and co-culture with 

PBMCs after a 4-h incubation with the peroxisome proliferators agonist (WY-14643) and antagonist 

(GW6471) alone or in combination with MDMA (1 mM). Preceding the 4-h treatments, cell cultures 

were 30-min pre-incubated with the PPARα agonist and antagonist. Two independent experiments 

were performed and during both experiments each concentration was tested in triplicate.  Data are 

represented as a mean ± SEM of all experiments (n=6). Statistical significance of differences between 

means was determined by two-way ANOVA analysis followed by a Tukey multiple comparison test. (*), 

p < 0.05 and (**), p < 0.001 versus vehicle-control treated cells, where controls were normalized to 1. 

(#), p < 0.05 versus monocultured drug-treated cells. ($), p < 0.05 and ($$),p < 0.001 versus MDMA-

treated cells.  
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Figure 5.6. TNF-α, IL-8 ACOX1 and PPARα gene expression in PBMC mono- and co-culture with 

HepG2 cells after a 4-h incubation with the peroxisome proliferators agonist (WY-14643) and 

antagonist (GW6471) alone or in combination with MDMA (1 mM). Preceding the 4-h treatments, cell 

cultures were 30-min pre-incubated with the PPARα agonist and antagonist. Two independent 

experiments were performed and during both experiments each concentration was tested in triplicate. 

Data are represented as a mean ± SEM of all experiments (n=6). Statistical significance of differences 

between means was determined by two-way ANOVA analysis followed by a Tukey multiple comparison 

test. (*), p < 0.05 and (**), p < 0.001 versus vehicle-control treated cells, where controls were 

normalized to 1. (#), p < 0.05 and (# #), p < 0.001versus monocultured drug-treated cells. ($), p < 0.05 

and ($$),p < 0.001 versus MDMA-treated cells.  
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Discussion  

 

MDMA is considered to be a cause of drug-induced liver injury (DILI). Two suggested 

pathways that play a role in the onset of DILI are direct hepatotoxicity and adverse immune 

responses. MDMA bioactivation has previously been described to play an important role in 

MDMA-induced hepatotoxicity 
11-13

. However, evidences of MDMA-related idiosyncratic 

reactions have been observed in cases of sever liver damage that could not be explained by 

the amount or frequency of MDMA consumption 
6, 7

. Therefore, the immune system has 

been suggested to be involved in MDMA-induced hepatotoxicity. Furthermore, through a 

reduction of pro-inflammatory events MDMA could be cause of a greater susceptibility to 

infectious diseases 
9, 10

. Despite the in vivo evidence, several in vitro studies only present a 

modest influence or even failed to prove a significant MDMA-mediated immunosuppression 
21, 34, 35

. In this study we investigated MDMA-mediated hepatotoxic effects in a liver in vitro 

model, where the classical human liver cell line (HepG2) was co-cultured with a human 

monocytic cell line (THP-1) or primary human peripheral blood mononuclear cells (PBMC).  

 

Co-culture models between liver and immune cells have been proven to increase the 

sensitivity of in vitro models, where the interaction of various cell types makes these models 

more suitable to predict drug-induced hepatotoxicity 
29, 30, 36, 37

. In our model, HepG2 cells co-

cultured with THP-1 cells showed protection against cytotoxicity following MDMA exposure, 

while the co-culture of HepG2 with PBMC cells prompted into a more pronounced cytotoxic 

effect. Due to this differential response, it is unlikely that decreased cellular availability of 

MDMA due to increased cell number in the co-cultures plays a role in the observed effects. 

An interaction between liver and immune cells is more apparent. The cell viability of THP-1 

and PBMC monocultures was not severely decreased upon MDMA exposure. However, in co-

culture conditions significantly increased immune cell viability was observed.  The differential 

MDMA-mediated effect between protective (HepG2/THP-1) versus impaired (HepG2/PBMCs) 

liver cell viability is most likely caused by the presence of lymphocytes in PBMC. This is in line 

with case studies that reported activated KC and infiltrated inflammatory cells (lymphocytes, 

neutrophils and eosinophils) in fatal MDMA intoxications 
7, 14-16

. Our data suggest that 

HepG2/PBMC co-cultures could be a better hepatotoxicity model than HepG2/THP-1 co-

cultures because of the presence of different immune cell populations.  

 

Drugs of abuse are known to posess immunomodulating properties 
38

. For MDMA, 

depression of the innate and adaptative immunity has been demonstrated in humans 
19, 20

 

and laboratory animals 
21, 22

. These studies showed that MDMA impaired neutrophil 

phagocytosis, reduced the amount of circulating lymphocytes, pro-inflammatory cytokines 

and chemokines (IL-1β, TNF-α, IL-2, IL-12, Il-15, INF-γ, and CXCL10), and increased anti-

inflammatory cytokines (IL-4, IL-6, IL-10, and TGF-β). In contrast, several in vitro studies 

presented only a modest immunomodulating effect of MDMA in different in vitro systems 

such as primary splenocytes and peritoneal macrophages from B6C3F1 mice, LPS-stimulated 

diluted rat blood and rat whole blood cultures 
21, 34, 35, 39

. One in vitro study using a murine 
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macrophage model showed decreased levels of several pro-inflammatory cytokines together 

with induction of some anti-inflammatory cytokines after a 24-h MDMA exposure 
40

. Larger 

in vitro immune effects of MDMA were demonstrated upon LPS stimulation of immune cells. 

Connor et al., showed that LPS-induced secretion of TNF-α is more susceptible to MDMA-

mediated suppressive effect 
21

. In this study, we evaluated the changes on secretion and 

expression of TNF-α, IL-8 and IL-10 following MDMA exposure, without an infectious event 

such as LPS. Overall, HepG2 cells in our models showed no differences of cytokine expression 

between cells grown in mono- or co-culture. However, THP-1 cells co-cultured with HepG2 

expressed less TNF-α and IL-8 mRNA, while these levels were increased in PBMCs upon 

HepG2 co-culture. Only in mono- and co-cultured THP-1 cells, MDMA caused a strong 

increase in IL-8 expression. In HepG2 and PBMC in mono- or co-culture, MDMA exposure 

significantly reduced in pro-inflammatory cytokines expression (TNF-α and IL-8) while the 

anti-inflammatory cytokine IL-10 was increased. The IL-8 secretion in the HepG2/PBMC co-

culture was even lower than expectations based on the effects in the separate monocultures, 

suggesting an MDMA-mediated effect on both HepG2 and PBMC. Although, this 

immunosuppression is in agreement with in vivo studies, this appears to contradict the 

increased MDMA-induced cytotoxicity observed in our HepG2/PBMC co-culture.  

 

Due to the lack of correlation between in vivo and most in vitro studies, MDMA-

mediated immunosuppression was suggested to be not a direct effect in the immune cells, 

but most likely due to the release of MDMA-mediated endogenous immunomodulatory 

substances 
21

. Several mechanisms have been proposed by which MDMA could target the 

immune system and modulate its responses. MDMA-mediated suppression by serotonin, 

glucocorticoids and catecholamines were ruled out 
22

. Some human studies indicate that 

paroxetine (a selective serotonin reuptake inhibitor) could diminish some MDMA 

immunosupressive effects, suggesting the involvement of neurotransmitters 
41, 42

. Indeed, β-

adrenoceptor and nicotinic acetylcholine receptor have been shown to reduce the secretion 

of anti-inflammatory cytokine IL-10 and TNF-α, respectively, and were therefore suggested 

to be involved in the MDMA immunosuppressive effect 
22, 34

. In our in vitro studies, however, 

we observed a clear direct immunosuppressing effect of MDMA on immune cells, but also on 

liver cells directly. This effect appeared to be even stronger in co-cultures. Although the 

immunosuppressive effect of MDMA in our co-culture model occurred at relatively high in 

vitro concentrations, high liver tissue levels up to 800 µmol/g liver have been reported upon 

MDMA intoxication 
5
. Especially upon repeated MDMA intake, MDMA liver tissue levels can 

become very high and interactions with liver and immune cells as described in our study 

should be likely.  

In order to investigate a potential mechanism by which MDMA acts as 

immunomodulating agent in our in vitro models, the role of PPARα was studied. PPARs have 

been suggested to regulate the inflammatory responses. Three isoforms have been identified 

(PPARα, PPARβ/δ and PPARγ) with differential tissue expression and ligand specificity. PPARα 

is mainly expressed in the liver but it has also been detected in dendritic cells, macrophages 

and B and T lymphocytes 
43-46

. Several authors have shown that upon activation with a 
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mitogen, PPARα ligands are important in the regulation of inflammatory responses through 

protein kinases phosphorylation, inactivation of nuclear factor- κB (NF-κB) and activator 

protein 1 (AP-1) together with the down-regulation of multiples pro-inflammatory mediators 

such us TNF- α, IL-8, iNOS 
43, 47-51

. Previous studies showed that stimulation of PPARα in rat 

hepatocytes, but not in KC lead to increased hepatic NF-κB and TNF-α, thus showing a direct 

role of parenchymal PPARα in hepatic proliferation 
28, 44, 45

. Although there are no studies 

describing the direct activation of PPARs by MDMA, an interaction is not unlikely considering 

the diversity in ligand-structures and the large ligand binding domain of PPARs 
52

. 

Interestingly, Pontes and co-workers observed MDMA-mediated hepatotoxicity in mice by 

activation of nuclear factor kappa-B (NF-κB) 
53

. In our studies without LPS-stimulated cells, 

PPARα stimulation by the agonist WY-14643 also resulted in increased TNF-α expression in 

both HepG2 and PBMC mono-cultures. This effect was less pronounced in both cell types, 

when grown in co-culture. IL-8 expression was also induced by WY-14643 in HepG2 and 

PBMC. In all culture conditions, MDMA inhibited WY-14643-induced pro-inflammatory 

cytokine expression even stronger than the known PPARα antagonist GW6471. The inhibitory 

effect of MDMA appeared to be, at least partially, PPARα-mediated as the PPARα-marker 

gene ACOX1 was also decreased by MDMA. Furthermore, MDMA-mediated inhibition was 

most pronounced in co-cultured cells, again indicating a hepatoma-immune cell 

communication that leads to aggravation of MDMA-mediated effects.  

 

In summary, immune cells have been suggested to play a significant role in DILI 
8, 28

. 

Therefore, in vitro models combining hepatocytes and immune cells to study MDMA-induced 

hepatotoxicity are of high relevance. Our study showed that co-cultures of hepatoma cells 

and PBMC appear to be a more relevant model to study DILI in vitro since several immune 

cells subsets are present and the observed MDMA-induced responses reflect the vivo effects 

better. In this novel HepG2/PBMC in vitro model, MDMA acted as immunosuppressant by 

reducing TNF-α, IL-8 and increasing IL-10 expression, which appeared to be partially 

mediated by PPARα in the hepatoma cells. Taken together, our results clearly show the 

immunosuppressing potential of MDMA, that might contribute to the hepatotoxicity 

observed in MDMA intoxications.  
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MDMA is a drug of abuse with worldwide popularity among young people. The drug is 

generally thought to be safe due to its low mortality rates. However, MDMA-adverse effects 

can occur and the risks are not clearly associated to a specific pattern since the consumption 

quantity seems not to be correlated with the initiation and severity of the injury 
1-7

.  

MDMA-mediated damage is systemic and can ultimately cause death 
8-12

. These health 

effects can be evoked by multiple factors such as hyperthermia, polydrug abuse patterns 

(drug-drug interactions), the altered release of neurotransmitters, impairment of 

mitochondrial function and apoptosis, metabolism and immune responses 
2, 5, 9, 13-15

. 

However, the mechanisms leading to MDMA-mediated adverse effects are not completely 

understood. A critical starting point which triggers all factors is hepatic metabolism of MDMA 

by phase I and II enzymes, making the liver a major target for MDMA-induced toxicity.  

The aim of this thesis was to elucidate the mechanism of hepatic injury (DILI) 

mediated by MDMA.  

 

1. MDMA metabolism 

 

1.1 Phase I metabolism 

 

MDMA is mainly metabolized by CYP1A2, CYP2D6 and CYP3A4 in the liver 
9, 13, 14, 16-20

. 

The cytochromes responsible of catalyzing the o-demethylation of the ring yield the catechol-

metabolites (HHMA, HHA), which are certainly more cytotoxic than the parent compound 

indicating that MDMA bioactivation occurs after the opening of the ring 
9, 14, 15, 21

. 

Most research focused on the role of CYP2D6, which has been hypothesized the 

enzyme mostly responsible for the MDMA bioactivation. Following CYP2D6 activity, in in vitro 

and in vivo (in biological samples such as blood and urine) reactive metabolites (HHMA and 

HHA) were determined 
2, 18, 20-27

. However, metabolic inactivation of CYP2D6 by MDMA itself 

has been proven and there is an indication that the contribution of this enzyme does not 

exceed the 30% in MDMA metabolism 
20, 23, 28-31

. This suggests that other CYP450 enzymes 

besides CYP2D6 may play an important role in MDMA bioactivation. Overall, we observed in 

several in vitro models that MDMA inhibits its own metabolism in a concentration-dependent 

manner following metabolism by all three CYP450s involved in the process 

(CYP2D6>CYP3A4>>CYP1A2) (chapter 2).  These findings are in line with studies reporting 

that the vast part of MDMA is being metabolized, indicating that other enzymes besides 

CYP2D6 are involved. After 24-h, urinary recovery of MDMA is only 15%. The major 

metabolites found in urine are HHMA and HMMA, which represent ~40% 
2
. Therefore, we 

investigated the individual contribution of CYP1A2, CYP2D6 and CYP3A4 in MDMA-mediated 

toxicity (chapter 2). Our data showed that not only CYP2D6, but also CYP3A4 generates the 

toxic MDMA catechol-metabolites in immortalized human liver epithelial cells (THLE). The 

inhibition of CYP2D6 by quinidine showed an improvement of cell viability, indicating the 

relevance of this enzyme to produce these reactive metabolites. On the other hand, CYP1A2 

and CYP3A4 inhibition by α-naphtophlavone (α-NF) and troleandomycin (TAO), respectively, 

did not counteract the cytotoxic effect. The case of CYP3A4 was unexpected. Possibly, TAO 
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competes with MDMA for the CYP3A4 active side 
32

, meaning that CYP3A4 could be partially 

inhibited and therefore toxic metabolites could still be formed. From a clinical and 

toxicological point of view, the role of CYP3A4 in the formation of the toxic catechol-

metabolites is important. This CYP450 enzyme represents 30% of the human hepatic CYP450 

content, compared to the 13% and 2% relative abundance of CYP1A2 and CYP2D6, 

respectively 
33

. Furthermore, inhibition of CYP2D6 occurs at lower MDMA concentrations 

than CYP3A4. 

 

1.1.1  The role of the nuclear receptor regulating MDMA bioactivation 

 

As we identified the relevance of CYP3A4 on MDMA-mediated bioactivation (chapter 

2), we continued to investigate the interaction between MDMA and CYP3A4, but also with 

its main regulator pregnane X receptor (PXR) (chapter 3). 

CYP3A4 has a broad substrate specificity and is involved in multiple metabolic 

pathways such as regulation of steroid hormone homeostasis, bioactivation of environmental 

procarcinogens and anticancer drugs, including the metabolism of over 50% of the clinically 

used therapeutic drugs 
34-37

. Considering its relative hepatic abundance and its involvement 

in diverse pathways, CYP3A4 is considered as one of the major targets of adverse drug-drug 

interactions (DDIs) 
36, 38

. DDIs often occur at the level of metabolizing enzymes, but also at 

the level of nuclear receptors that regulate these enzymes, such as PXR. PXR acts as a sensor 

for xenobiotics and regulates the activation or inhibition of the metabolizing enzymes 

responsible for oxidation (CYP3A4, CYP2B6, CYP2B9, CYP2C9, and CYP2C19), conjugation 

(glutathione-S-transferase, sulfotransferases, UDP-glucoronosyltransferase, and 

carboxylesterase) and cellular transport (OATP2, MRP2, and MDR1) 
39, 40

. It is highly 

expressed in the liver and intestine 
39

. Considering the implications for potential 

hepatotoxicity in MDMA consumers, interactions of MDMA with CYP3A4 and its main 

regulator PXR are of high clinical relevance. In addition, up- or down-regulation of CYP3A4 

may cause severe drug toxicity due to metabolic inhibition or bioactivation of co-

administered drugs 
41

. Our studies demonstrate that MDMA acts as catalytic inhibitor of 

CYP3A4 activity. Furthermore, MDMA is a PXR antagonist and subsequently can reduce the 

levels of CYP3A4 expression. These findings were corroborated in different in vitro systems 

such as hPXR-CYP3A4 reporter-based assay in a human intestinal cell line (LS180), rat primary 

hepatocytes and rat liver microsomes.  

We further compared the MDMA inhibitory effect with two known PXR antagonists: 

ketoconazole and sulforaphane (SFN). Ketoconazole is known to inhibit PXR activation 

through ligand-mediated inactivation, displacing the binding of the coactivators 
42-44

. 

However, in our cell models, and as others previously observed 
45

, decreases of the PXR 

activation by ketoconazole occurred at concentrations that were cytotoxic to the cell 

systems. SFN did not show antagonistic effects in our in vitro human intestinal model. 

However, PXR activation was reduced in the rat hepatocytes, which is in line with earlier 

reports in literature 
46, 47

. PXR ligand-mediated activation is triggered through a wide diversity 

of compounds, but in a species-specific manner due to structural differences in the ligand 
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binding domain (LBD) 
48, 49

. As antagonism can arise from competition for the LBD of the PXR, 

species-differences in responses are consequently to be expected 
50

. SFN antagonism was 

suggested to occur by displacing the ligands at the ligand binding domain 
46, 47

.  Remarkably, 

opposite to the description by Zhou et al., the reduction of PXR activation did not contribute 

to the suppression of the CYP3A expression in our studies. The main explanation for this 

difference is most likely due to differences in the experimental set up; we induced PXR 

activation prior to exposure to SFN, while Zhou et al. incubated the cells with SFN before 

stimulation of PXR. This could possibly result in attenuated CYP3A levels due to the lower 

expression of PXR and not through reduced recruitment of the PXR coactivators.  

 

1.1.2  Drug-drug interactions and MDMA use 

 

The observation that MDMA inhibits CYP3A through catalytic inhibition and through 

interaction with PXR could certainly raises the possibility of drug-drug interactions (DDIs) 

with MDMA and other drugs, which share similar metabolic pathways. At present, there is a 

distinct lack of knowledge regarding the use of MDMA and the risks for DDIs, especially 

concerning interactions with PXR and/or CYP3A 
34, 35

; despite the fact that there exists a 

significant clinical concern regarding the high prevalence of MDMA and other recreational 

drugs consumption among some psychiatric patients 
51

. Many therapeutic drugs used for 

treatment of psychiatric disorders or treatment of MDMA intoxications, such as diazepam, 

are (partly) metabolized by CYP3A 
52, 53

 or are agonists for PXR, such as the antiepileptic 

phenytoin 
54

. Interestingly, the only case of fatality involving DDI with MDMA reported so far 

occurred with the antiretroviral and CYP3A4 substrate ritronavir 
55

. In chapter 3, we 

described MDMA interactions with drugs such as diazepam (anti-anxiety agent/muscle 

relaxant), phenytoin (antiepileptic), clozapine and risperidone (antipsychotics), fluoxetine 

and paroxetine (antidepressants), caffeine, meta-chlorophenylpiperazine and amphetamine 

(other recreational drugs often found in MDMA tablets) at PXR and CYP3A levels. MDMA 

clearly inhibited CYP3A expression and activity in a concentration-dependent manner. Yet, 

the combination with the mentioned drugs did not show the expected synergetic effect at 

the catalytic levels, since no IC50 shift was observed following co-exposure with the above 

mentioned therapeutic drugs. In analogy as described for CYP2D6, MDMA–mediated 

mechanism based inactivation (MBI) may also apply for CYP3A activity. Based on these 

results a MDMA blockage of the ligand-binding site can be suggested, making it less 

accessible to some of these other therapeutic drugs. On the other hand, interaction at PXR 

level between MDMA and the tested therapeutic drugs was also apparent. MDMA inhibited 

PXR-mediated activation of specific PXR inducers such us rifampicin in the LS180 cell line or 

pregnenolone 16alpha-carbonitrile (PCN) in primary rat hepatocytes. In addition, even 

though modest, PXR activation by diazepam, phenytoin, clozapine and risperidone was 

observed, but MDMA also counteracted this effect. 

Taken together, these data proved that MDMA causes a significant decrease in CYP3A 

activity and PXR mediated CYP3A expression. Therefore, interactions with other drugs that 
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share pathway similarities may occur, resulting in a prolonged accumulation of potential 

hepatotoxic drugs.  

 

1.2 Phase II metabolism  

 

There are clinical evidences of hepatotoxicity caused by MDMA consumption such as 

jaundice, hepatomegaly, hepatitis, centrilobular necrosis, and fibrosis 
9
. As mentioned earlier 

(chapter 2), MDMA-metabolism yields reactive catechol-metabolites, which is suggested to 

play an important role in MDMA-induced hepatotoxicity 
9, 13, 14, 16-20

. These MDMA-

metabolites are considered to generate cellular oxidative stress and consequently cause 

drug-induced liver injury (DILI). Glutathione (GSH) plays an important role in protecting the 

cell against oxidative stress, and its regulation has been extensively studied 
56-58

. Catechol-O-

methyltransferase (COMT) is also considered a major player in the deactivation of catechol-

metabolites 
2, 18, 59

. As a result, the lack of COMT activity has been suggested to possibly 

cause accumulation of these metabolites, which could lead to MDMA-mediated 

hepatotoxicity 
18, 60

. Therefore, we studied the relevance of phase II enzymes in the 

detoxification of MDMA metabolites in the THLE cells, because of their specific properties of 

containing none or a single CYP450 expression (chapter 2). Our data showed that inhibition 

of COMT and glutathione synthesis by specific enzyme inhibitors such as Ro 41-960 and 

buthionine sulfoximine (BSO), respectively, contributes to the accumulation of reactive toxic 

metabolites, causing more pronounced cytotoxic effects in this liver cell line. Interestingly, 

inhibition of COMT activity increased cytotoxicity in the THLE cells expressing CYP2D6, while 

inhibition of glutathione synthesis had more effect on the viability of the THLE cells 

expressing CYP3A4. This underlines the importance of phase II in MDMA-induced liver injury. 

Moreover, it has been described that the subsequent conjugation of MDMA metabolites to 

GSH leads to thioether-metabolites, which are even more hepatotoxic due to their highly 

redox potential 
6, 9, 13, 61, 62

 . Although the redox potential is known to be reduced when the 

nucleophiles are substituted, addition of electronegative groups often leads to a stronger 

oxidant 
61, 62

. Consequently, catechol- and thioether-metabolites, which could potentially 

accumulate in the liver and keep the redox potential active by generating reactive oxygen 

species (ROS) may be a main component of the onset of drug-mediated hepatotoxicity. To 

date, MDMA-mediated interactions with regulatory pathways of important phase II enzymes 

have not yet been clarified. Therefore, we studied cellular and molecular responses in the 

GSH synthesis, levels and conjugation, that was stimulated by MDMA or MDMA-metabolites 

in THLE cells lacking CYP450  enzymes (THLE-Neo) and primary rat hepatocytes (chapter 4). 

GSH is a good biomarker of oxidative stress 
56-58

. We showed that only catechol-metabolites 

that significantly reduced cell viability were also responsible for reduction of GSH as 

expected, which was in line with results from other studies 
9-12

. In this experimental set up 

we observed depleted GSH levels that correlated with MDMA catechol-metabolite-mediated 

cytotoxicity. As a reference model where metabolism can occur, we also used primary rat 

hepatocytes where toxic MDMA metabolites can be formed. However, catechols-metabolites 

are the main metabolites formed in humans 
2, 19, 63

, while in rats the main MDMA-metabolite 
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is the non-cytotoxic MDA 
64, 65

. Indeed levels of GSH and cell viability were not significantly 

decreased in primary rat hepatocytes upon MDMA exposure. Possibly the amount of 

catechol-metabolites generated in this in vitro system were not sufficient to reach the level 

of effects as observed in the THLE-neo cells.  

Remarkably, the expression levels of the enzymes responsible for the GSH synthesis 

(γGCL) and conjugation (GST) were affected in THLE cells as well as primary rat hepatocytes, 

which clearly indicate interaction between these enzymes and MDMA or MDMA-

metabolites. Our experiments showed that upon HHMA exposure, γGCL and GST were 

increased, while MDMA only increased GST levels. The consequence of the lack of up-

regulation of γGCL by MDMA exposure is the absence of GSH synthesis. Furthermore, this 

finding correlated with the absence of depletion of GSH levels. This is in line with previous 

studies showing that in the presence of adequate GSH levels, the induction of γGCL as a 

feedback control of the intracellular GSH pool is inhibited 
56-58

.  

 

2.  Potential MDMA treatments 

 

Antioxidants such as N-acetyl-cysteine (NAC) and sulforaphane (SFN) are often 

recommended to use in the clinic to re-establish the depleted levels of GSH and counteract 

the drug-mediated oxidative stress 
57, 66-73

. NAC is a cysteine donor, which stimulates GSH 

synthesis. Earlier, Carvalho et al., showed that administration of NAC to cultures of rat liver 

hepatocytes could prevent GSH depletion, even co-exposure to MDMA-metabolites could 

increase cell viability 
69

. In our THLE-neo cells model (chapter 4), we also observed that upon 

HHMA exposure GSH levels depleted in a concentration-dependent manner, while co-

exposure to NAC completely restored the GSH levels and consequently increased cell 

viability.  

SFN is a very interesting naturally occurring sulfur-containing compound commonly 

found in cruciferous vegetables such as broccoli. It has been shown to potently induce phase 

II enzymes, increasing GSH synthesis 
70

. Moreover, as we previously described in chapter 3, 

SFN is an inhibitor of CYP3A4 expression and activity, which makes it a very interesting 

compound for counteracting MDMA-mediated toxic effects. However, SFN rapidly 

accumulates into cells and then conjugates with GSH, which could cause an extreme GSH 

depletion and consequently generates a cellular redox stress 
37, 74

. In our cell models SFN 

caused GSH depletion and decreased cell viability. Furthermore, SFN co-exposure with 

MDMA or MDMA-metabolites strengthened this effect and further increased the cellular 

damage.   

To investigate how this exposure results in the regulation of the GSH synthesis or 

conjugation, γGCL and GST expression levels were measured upon MDMA or MDMA-

metabolite (HHMA) exposure alone (described in section 1.2) or in combination with NAC or 

SFN (chapter 4). The THLE-Neo cells showed up-regulation of γGCL, but not of GST upon SFN 

exposure indicating that cellular stress is needed to induce the phase II enzymes. γGCL and 

GST were further increased during co-exposure to HHMA and SFN. As previous mentioned 

(section 1.2) GSH depletion was stronger upon co-exposure and rendering the cellular GSH 
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pool, which correlates with these findings of stimulation of new GSH synthesis. SFN can 

effectively increase GSH levels when it is administrated before the oxidative stress is 

promoted 
73, 75

. Therefore, our studies could indicate an early up-regulation after 24-h 

exposure, although it will not be sufficient to observe elevated cellular GSH levels upon 

HHMA exposure. Conversely, NAC alone did not stimulate the expression of γGCL or GST, 

whereas co-exposure to HHMA and NAC significantly up-regulated both phase II enzymes.  

The primary rat hepatocyte cultures also presented such up-regulation of γGCL and 

GST, although under co-exposure to MDMA and SFN the up-regulation was not further 

increased. This may be a clear indication that catechol-metabolites were not generated 

sufficiently in this in vitro system. 

The differential behavior of both antioxidants in our systems indicates that the use of 

these compounds in the clinic during MDMA intoxications should be considered with care, 

since NAC could act very rapidly to restore GSH depleted level while SFN lacks this effect. On 

the long-term, the use of antioxidants such as SFN, which can up-regulate phase II 

antioxidant enzymes can very likely contribute to the prevention of MDMA-mediated 

adverse effects. However, since other enzymes such CYP3A4 could also be inactivated 

(chapter 3), the use of SFN may produce the occurrence of adverse drug-drug interactions. 

 

3.  Polymorphism as key for MDMA-mediated toxicity  

 

Several studies point out genetic variations (polymorphisms) as significant 

contributing factors of MDMA-mediated toxicity. Most studies concerning polymorphism as a 

risk factor in acute MDMA intoxications refer to the polymorphism associated with the phase 

I enzyme CYP2D6, which has been reported in vivo 
24

 and in vitro 
20, 76

. At present, it is 

thought to be the major enzyme yielding reactive MDMA catechol-metabolites 
2, 18, 20-27

. 

CYP2D6 is highly polymorphic, affecting its expression or activity and determining several 

metabolic groups as poor metabolizers (PMs, 1% Asians and ~10% Caucasians), intermediate 

metabolizers (IMs ~10-15% European population), extensive metabolizers (EMs) and ultra 

rapid metabolizers (UMs, frequent in Ethiopian and Saudi Arabian and ~5% Caucasians), 

which are distributed over the entire population 
77

. The absence of the active form of 

CYP2D6 has been shown to influence MDMA-metabolism and thus cell viability, indicating 

that none toxic metabolites can be formed in the absence of low activity alleles of CYP2D6 
4, 

27
. These studies further suggested that EMs may be at higher risk for intoxications compared 

to PMs 
4, 27

, which is in line with higher cytotoxicity following exposure to MDMA-

metabolites. However, others researchers propose that MDMA accumulation itself can also 

cause adverse effects and therefore PMs are also at risk 
20, 76, 78

. This suggestion is based on 

measurements of MDMA plasma levels, which correlate well with clinical effects such as 

blood pressure and heart rate 
79

. However, we found that CYP2D6 is rapidly inhibited 

(chapter 2). Along this line, Segura et al. demonstrated that CYP2D6 contribution to the total 

of MDMA metabolism was not more than 30% 
29

.  De la Torre et al. showed the non-linearity 

of MDMA pharmacokinetics, since increased administration of MDMA presented a higher 

plasma MDMA concentration than expected 
80

. This was also observed during repeated 
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MDMA exposure, which further proved CYP2D6 inhibition 
8, 80

. These findings demonstrated 

that a whole population could be equally at risk for MDMA-induced toxicity, independently 

of their CYP2D6 genotype 
16, 24

.  

Besides CYP2D6, only COMT 
81

 but no other polymorphic enzymes have been related 

to MDMA-mediated toxicity. Taken together, our studies indicate that other enzymes such as 

CYP3A4 may be involved in MDMA-mediated hepatotoxicity, but phase II enzymes such as 

COMT and GST could also be relevant targets for discerning possible susceptible groups that 

are at risk of MDMA-mediated toxicity. 

 

4.  MDMA and immune responses 

 

MDMA is considered to be a cause of drug-induced liver injury (DILI). Two suggested 

pathways that play a role in the onset of DILI are direct hepatotoxicity due to toxic 

metabolites and adverse immune responses. Besides the MDMA bioactivation we described 

in the previous section, evidence of MDMA-related idiosyncratic reactions has been observed 

in cases of severe liver damage, which could not be explained by the amount or the 

frequency of MDMA consumption 
82, 83

. Since drugs of abuse are known to possess 

immunomodulating properties 
84

, the immune system has also been suggested to be 

involved in MDMA-induced hepatotoxicity. We investigated the MDMA immunomodulating 

properties in a novel developed co-culture system (chapter 5). 

 

4.1 Co-culture models predicting drug-induced liver injury  

 

Co-culture models of liver and immune cells have been proven to increase the 

sensitivity of in vitro models, and the interaction of various cell types makes these models 

more suitable for predicting drug-induced hepatotoxicity 
85-88

. We have investigated MDMA-

mediated hepatotoxic effects in two different liver in vitro co-culture models. In these 

systems, HepG2 cells were co-cultured with a human monocytic cell line (THP-1) or primary 

human peripheral blood mononuclear cells (PBMC). For each model, we have investigated 

the possible consequences for the co-existence of liver and immune cells upon MDMA 

exposure. Cells signaling alter cytokines levels, leading to a possible initiation of 

inflammatory reactions. This could be an additional factor causing MDMA-mediated 

hepatotoxicity (chapter 5). Following MDMA exposure, we observed a clear interaction 

between the liver cells and these immune cells leading to changes in cell viability. However, a 

differential MDMA-mediated effect was found between protective (HepG2/THP-1) versus 

impaired (HepG2/PBMC) liver cell viability. This difference was most likely caused by the 

presence of lymphocytes in PBMC. This is in line with case studies reporting activated kupffer 

cells (KC) and infiltrated inflammatory cells (lymphocytes, neutrophils and eosinophils) in the 

liver after fatal MDMA intoxications 
83, 89-91

. Our results suggest that HepG2/PBMC co-

cultures may be a better model for hepatotoxicity than HepG2/THP-1 co-cultures, due to the 

presence of different immune cell populations.  
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4.2 MDMA in immunossupression and susceptibility to toxicity 

 

MDMA-mediated depression of the innate and adaptative immunity has been 

demonstrated in humans 
92, 93

 as well as laboratory animals 
94, 95

. Despite the in vivo evidence, 

several in vitro studies have only presented a modest influence or even failed to show a 

significant MDMA-mediated immunosuppression 
94, 96, 97

.   

Previous studies showed that immune cells were more susceptible to MDMA-

mediated suppressive effects upon mitogen stimulation 
94

. Even though no pre-stimulation 

with an infectious agent was used during our in vitro studies (chapter 5), we observed a 

clear direct immunosuppressing effect of MDMA on immune cells and also directly on the 

liver cells. This effect appeared to be even stronger in co-cultures. MDMA caused a large 

increase of IL-8 expression in mono- and co-cultured THP-1 cells. However, in HepG2 and 

PBMC, mono- and co-cultured, MDMA exposure significantly reduced pro-inflammatory 

cytokines expression (TNF-α and IL-8), while the anti-inflammatory cytokine IL-10 was 

increased. Although this observed immunosuppression is in agreement with results from in 

vivo studies, it appears to contradict the increased MDMA-induced cytotoxicity we observed 

in our HepG2/PBMC co-culture. In relation to these immunosuppressive effects, it can be 

suggested that MDMA could probably be the cause of a greater susceptibility to infectious 

diseases through a reduction of pro-inflammatory events 
5, 13, 93

.  

 

4.3 The role of the nuclear receptor regulating MDMA immunosupression  

 

Due to the lack of correlation between in vivo and most in vitro studies, MDMA-

mediated immunosuppression was suggested not to be a direct effect in the immune cells, 

but most likely due to the release of MDMA-mediated endogenous immunomodulatory 

substances 
94

. Several mechanisms have been proposed by which MDMA can target the 

immune system and modulate its responses.  Some of these mechanisms have been ruled 

out, such as influences by serotonin, glucocorticoids and catecholamines in the MDMA-

mediated immunomodulation 
95

. However, other human studies indicate that paroxetine (a 

selective serotonin reuptake inhibitor) may diminish some MDMA immunosupressive effects, 

suggesting the involvement of neurotransmitters 
98, 99

. Indeed upon MDMA exposure, the β-

adrenoreceptor and nicotinic acetylcholine receptors have been shown to increase the 

secretion of anti-inflammatory cytokine IL-10 and reduce TNF-α, respectively 
95, 96

.  

We have specifically investigated the role of PPARα as a potential mechanism by 

which MDMA acts as immunomodulating agent in our in vitro models. PPARα has been 

suggested to regulate inflammatory responses and is mainly expressed in the liver, although 

it has also been detected in dendritic cells, macrophages and B and T lymphocytes 
100-103

. 

Upon activation by mitogen, PPARα ligands play an important role in the regulation of 

inflammatory responses through protein kinases phosphorylation, inactivation of nuclear 

factor-kappa B (NF-κB) and activator protein 1 (AP-1). Consequently, it down-regulates 

multiple pro-inflammatory mediators such as TNF- α, IL-8 and iNOS 
100, 104-108

.  
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Previous studies showed that stimulation by WY-14643 of PPARα in rat hepatocytes, 

but not in kupffer cells (KC), leads to increased hepatic NF-κB and TNF-α. This indicates a 

direct role of parenchymal PPARα in hepatic proliferation 
101, 102, 109

. Interestingly, Pontes and 

co-workers observed MDMA-mediated hepatotoxicity in mice by activation of NF-κB 
110

. In 

our culture conditions, MDMA inhibited WY-14643-induced pro-inflammatory cytokine 

expression even stronger than the known PPARα antagonist GW6471. This inhibitory effect 

of MDMA appeared to be at least partially PPARα-mediated, as the PPARα-marker gene 

ACOX1 was also decreased by MDMA. Furthermore, MDMA-mediated inhibition was most 

pronounced in co-cultured cells, again strongly suggesting a hepatoma-immune cell signaling 

that leads to the aggravation of MDMA-mediated effects. 

 

5.  Nuclear receptors co-regulation and onset of MDMA-mediated 

hepatotoxicity  

 

We have shown for the first time that MDMA can interact with PXR. PXR is not only 

involved in regulation of metabolizing enzymes, such as CYP3A and GST, but has also been 

proposed to be involved in cellular oxidative stress responses 
111

. Another nuclear receptor 

that might play a role is Nrf2, which controls the expression of many of genes responsible for 

protection against oxidative stress 
57, 70-72

. Recent studies suggest that SFN regulates the Nrf2-

mediated signalling. Interestingly, PPAR and Nrf2 are known to be co-regulated 
72

, therefore 

cross-talking between Nrf2 and PXR is also to be expected, through their partner RXR 
57

. It is 

also well established that nuclear receptors can have cross-talk by sharing binding affinities 

for the same ligands, DNA responsive elements, partners during heterodimerization, cellular 

functions or sharing co-factors 
112-113

. Taken together, this indicates that MDMA-induced 

toxicity may arise from a complex mechanism that can involve several nuclear receptors, 

metabolizing enzymes and multiple cell types (Figure 6.1). In addition, drug transporters 

appear to be affected by MDMA and its metabolites 
114, 115

. These drug transporters influence 

the ratio between tissue accumulation and circulating concentrations, which can determine 

the exposure. All these factors will ultimately contribute to determining the hepatic levels of 

MDMA and its metabolites and subsequent toxic events. Moreover, if all interindividual 

(genetic) variations in activity and expression in these receptors and enzymes are considered, 

the large interindividual variability in susceptibility toward MDMA intoxications, in particular 

hepatotoxicity, is not surprising.  
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Figure 6.1: Schematic overview of the MDMA metabolism and regulation of certain genes 

involved. Big grey cell, hepatocyte; Small black cells, peripheral blood mononuclear cells (PBMC); 

MDMA, 3,4-methylenedioxymethamphetamine; HHMA, 3,4-dihydroxymetamphetamine; HHMA-GSH, 

glutathione conjugated 3,4-dihydroxymetamphetamine; CYP3A4, cytochrome P450 (3A4); GSH, 

glutathione; GSSG, glutathione disulfide; γGCL, glutamate cysteine ligase; TNF-α, tumor necrosis factor 

alpha; IL-8, interleukine-8; IL-10, interleukine-10; PXR, pregnane X receptor, RXR, retinoid X receptor; 

PPARα, peroxisome proliferators-activated alpha; NF-κB, nuclear factor kappa-B. Grey arrows indicate a 

stimulatory effect; grey arrows with flat ending indicate an inhibitory effect. 
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6.  Main conclusions and remarks 

 

- CYP3A4, besides CYP2D6, is responsible for MDMA bioactivation leading to the 

formation of reactive toxic metabolites in liver, which can cause drug-induced liver 

injury (DILI). 

 

- MDMA causes a significant decrease in CYP3A activity and PXR-mediated CYP3A 

expression, thereby posing a health risk for drug-drug interactions at both levels. 

 

- PXR inactivation is an important target in the multi-drug resistance development; 

therefore MDMA analogs could provide new insights in the search for new PXR 

antagonists.   

 

- Co-culture of hepatoma cells and PBMC appears to be a more suitable in vitro model 

than a single cell type model to study liver toxicity in vitro, since several immune 

cells subsets are present.  

 

- MDMA acted as immunosuppressant by reducing TNF-α and IL-8, and increasing IL-

10 expression, which appears to be partially mediated by PPARα in the hepatoma 

cells. 

 

- MDMA interactions with metabolizing enzymes and the nuclear receptors that 

regulate them may alter the metabolic pattern of individuals. This should be taken 

into account when searching for a clinical treatment to counteract MDMA-mediated 

side effects. 

 

- MDMA-mediated detoxification could be stimulated by the supplementation of an 

antioxidant such as N-acetyl-cysteine. The use of sulforaphane as antioxidant should 

be considered with care because its mechanism can lead to increased risk of drug-

drug interactions. 

 

- Toxic MDMA metabolites lead to up-regulation of γGCL (mediating GSH synthesis) 

and GST (involved in the GSH conjugation), whereas MDMA itself only increases 

GST. This differential up-regulation of phase II enzymes upon exposure (MDMA 

versus its toxic metabolites) could give rise to interindividual differences in 

susceptibility for MDMA-mediated hepatotoxicity. 
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A mechanistic insight into MDMA-mediated hepatotoxicity 
 

 

1. Introduction  

 

Ecstasy tablets (main constituent 3,4- methylenedioxymethamphetamine (MDMA)) 

became extremely “hot” among part of the young population from the mid-90s, although it 

was already synthesized for the first time at the beginning of the last century. Nowadays, it is 

the second most commonly used illicit substance after cannabis. Ecstasy’s popularity 

probably grew due to its neurochemical actions, which induce the “positive MDMA-effects” 

such as a relaxed euphoric state, emotional openness, increased empathic sentiments and a 

general feeling of decreased inhibitions. Although in the drug scene MDMA is thought to be 

safe, several adverse effects have been related to MDMA misuse. Generally, these effects 

cannot be linked to the amount or frequency of MDMA used. Remarkably, fatality cases have 

been described after consumption of one MDMA tablet, while, in another case, a dose of 40-

50 tablets in a single occasion did not result in death. Although the mortality cases are 

relatively few compared to the frequency of MDMA consumption, the toxicological potential 

is of a major public health concern.  

 

2. Goal 

 

Several organs can suffer damage from MDMA exposure. These health effects can be 

evoked by multiple factors such as hyperthermia, exposure to multiple drugs or 

pharmaceuticals (drug-drug interactions (DDIs)), the altered release of neurotransmitters, 

impairment of mitochondrial function, apoptosis, metabolism and immune responses. 

However, the mechanisms leading to MDMA-mediated adverse effects are not completely 

understood. A critical starting point which influences all factors is hepatic metabolism of 

MDMA by phase I and II enzymes, making the liver a major target for MDMA-induced 

toxicity. MDMA metabolism can generate toxic metabolites, which occurs primarily in the 

liver, rendering the hepatocytes to severe damage. Adverse MDMA-mediated liver toxic 

effects can be jaundice, hepatomegaly, centrilobular necrosis, hepatitis and fibrosis. 

However, the mechanism behind MDMA-mediated hepatotoxicity needs further 

investigation. The initiation of liver injuries and the severity of the symptoms are not clearly 

correlated to the amount of MDMA ingested and the frequency of consumption. Due to the 

use of drug combinations (polydrug abuse) and/or the administration of medicines during 

the treatment of MDMA intoxications DDIs are likely.  As a consequence, DDIs might 

contribute to MDMA-mediated hepatotoxicity. Therefore, the aim of this thesis was to 

elucidate the mechanism of hepatic injury (drug-induced liver injury, DILI) mediated by 

MDMA. 
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3. MDMA metabolism and regulation 

 

MDMA is metabolized via oxidative processes by several enzymes belonging to the 

cytochrome P450 (CYP450) family (phase I enzymes). Two main routes are involved: chain 

degradation (N-dealkylation) mainly by CYP1A2 and to some extent by CYP2D6 to 3,4-

methylendioxyamphetamine (MDA); ring degradation (O-demethylenation) predominantly 

by CYP2D6, generating 3,4-dihydroxymethamphetamine (HHMA) and 3,4-

dihydroxyamphetamine (HHA). HHMA and HHA possess a chemical group (catechol) that 

makes them highly reactive, and therefore toxic metabolites. These catechol-metabolites can 

be further oxidized to the corresponding ortho-metabolites, thus generating multiple 

reactive oxygen species (ROS) and reactive nitrogen species (RNS). ROS and RNS can generate 

cellular oxidative stress by oxidating lipids, proteins and DNA. Subsequently, phase II 

enzymes generate metabolites that can easily be excreted in urine. MDA can be degraded by 

oxidation to benzoic acid derivates. HHMA and HHA can be either methylated by catechol-O-

methyl-transferase (COMT), glucuronidated or sulfated to 4-hydroxy-3-

methoxymethamphetamine (HMMA) and 4-hydroxy-3-methoxyamphetamine (HMA), 

respectively. In addition, under the influence of glutathione-S-transferase (GST), HHMA and 

HHA can bind to glutathione (GSH) and form thioethers. It has been demonstrated that these 

catechol-, ortho- and thioether-metabolites can cause liver injury. 

Metabolism plays an important role in the toxic effects caused by MDMA. Most 

research has focused on the involvement of the CYP2D6 enzyme in MDMA bioactivation. Less 

is known about the contribution of other CYP450 enzymes and of phase II metabolism. 

Inactivation of the CYP2D6 enzyme by MDMA itself has been shown and there is an 

indication that this enzyme only contributes 30% to MDMA metabolism. In chapter 2, we 

investigated the individual contribution of CYP1A2, CYP2D6 and CYP3A4 in MDMA-mediated 

toxicity by using immortalized human liver epithelial cells (THLE) expressing different 

CYP450s. Our data showed that not only metabolism via CYP2D6, but also via CYP3A4 

generates toxic MDMA catechol-metabolites. The inhibition of CYP2D6 by quinidine showed 

an improvement of cell viability, indicating the relevance of this enzyme to produce reactive 

metabolites. In contrast, CYP1A2 and CYP3A4 inhibition by α-naphtophlavone (α-NF) and 

troleandomycin (TAO), respectively, did not counteract cytotoxic effects, indicating a limited 

role for these enzymes in the formation of cytotoxic metabolites. However, MDMA-

metabolites were detected in the culture media of THLE cells expressing CYP2D6 and CYP3A4 

using liquid chromatography (LC-MS/MS). Therefore, our data suggested that not only 

CYP2D6 but also CYP3A4 plays an important role in MDMA bioactivation.  

 

In chapter 3 we continued to investigate the interaction between MDMA and CYP3A4 

together with its main regulator pregnane X receptor (PXR). 

CYP3A4 has a large variety of substrate specificity and is involved in multiple 

metabolic pathways such as regulation of steroid hormone homeostasis, bioactivation of 

environmental procarcinogens and anticancer drugs. Importantly, CYP3A4 is involved in 

metabolism of over 50% of the clinically used therapeutic drugs. Hence, given its relatively 
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high hepatic abundance and its involvement in diverse pathways, CYP3A4 is considered one 

of the major targets of adverse DDIs.  

DDIs often occur at the level of metabolizing enzymes, but also at the level of nuclear 

receptors that regulate these enzymes, such as PXR. PXR acts as a sensor for possible foreign 

toxicants (xenobiotics) and regulates the activation or inhibition of the metabolizing enzymes 

and cellular transport. It is highly expressed in the liver and intestine. Therefore, the 

potential hepatotoxicity in MDMA consumers due to interactions of MDMA with CYP3A4 and 

its main regulator PXR are of high clinical relevance. Our studies demonstrated that MDMA 

acts as catalytic inhibitor of CYP3A4 activity. Furthermore, MDMA is a PXR antagonist and can 

reduce CYP3A4 expression. This was corroborated in several in vitro systems including the 

hPXR-CYP3A4 reporter-based assay in a human intestinal cell line (LS180), rat primary 

hepatocytes and rat liver microsomes.  

We further compared the MDMA inhibitory effect with two known PXR antagonists: 

ketoconazole and sulforaphane (SFN). The decreases of PXR activation by ketoconazole 

occurred at concentrations that were cytotoxic to the cell systems. SFN did not show PXR 

antagonistic effect in our in vitro human intestinal model, but PXR activation was reduced in 

the rat hepatocytes. However, SFN inhibition of PXR activation did not contribute to the 

suppression of the CYP3A expression in our studies. MDMA inhibits CYP3A through catalytic 

inhibition and through interaction with PXR. This might imply DDIs between MDMA and 

other drugs, which share similar metabolic pathways. Since high MDMA consumption has 

been observed among some psychiatric patients, multiple drug exposure and drug 

interactions are not unlikely. Moreover, many therapeutic drugs are (partly) metabolized by 

CYP3A, such as diazepam, or are agonists for PXR, such as the antiepileptic phenytoin. 

Therefore, in chapter 3, we investigated MDMA interactions at PXR and CYP3A level with 

several therapeutic drugs that are used for treatment of psychiatric disorders or treatment of 

MDMA intoxications. These drugs were diazepam (anti-anxiety agent/muscle relaxant), 

phenytoin (antiepileptic), clozapine and risperidone (antipsychotics), fluoxetine and 

paroxetine (antidepressants), caffeine, meta-chlorophenylpiperazine (mCPP) and 

amphetamine (the latter three representing other recreational drugs often found in ecstasy 

tablets). MDMA clearly inhibited CYP3A expression and activity in a concentration-dependent 

manner. Yet, the combination with the mentioned drugs did not show any interaction with 

CYP3A at catalytic level. Based on these results, it can be suggested that MDMA blocks 

CYP3A, making it less accessible to some of these other therapeutic drugs. Furthermore, 

MDMA inhibited PXR-mediated activation of specific PXR inducers in LS180 cells (rifampicin) 

and in primary rat hepatocytes (pregnenolone 16alpha-carbonitrile, PCN). This effect was 

also observed following co-exposure to MDMA and several therapeutic drugs (diazepam, 

phenytoin, clozapine and risperidone). These data proved that MDMA causes a significant 

decrease in CYP3A activity and PXR-mediated CYP3A expression. Therefore, interactions may 

occur with other drugs that have pathway similarities, resulting in a prolonged accumulation 

of potential hepatotoxic drugs.  

Accumulation of the MDMA-metabolites is considered to generate cellular oxidative 

stress and consequently cause drug-induced liver injury (DILI). Studying the involvement of 
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phase II enzymes such as glutathione (GSH), which plays an important role in protecting the 

cell against oxidative stress, is relevant. Catechol-O-methyltransferase (COMT) is also 

considered a major player in the deactivation of catechol-metabolites. The lack of COMT 

activity has been suggested to possibly cause accumulation of these metabolites, which could 

lead to MDMA-mediated hepatotoxicity. Therefore in chapter 2, we studied the relevance of 

phase II enzymes in the detoxification of MDMA metabolites in the THLE cells. Our data 

showed that inhibition of COMT (by Ro 41-960) and glutathione synthesis (by buthionine 

sulfoximine (BSO)) contributes to the accumulation of reactive toxic metabolites. These 

inhibitions caused more pronounced cytotoxic effects in this liver cell line. Interestingly, 

inhibition of COMT activity increased cytotoxicity in the THLE cells expressing CYP2D6, while 

inhibition of glutathione synthesis had more effect on the viability of the THLE cells 

expressing CYP3A4. This stresses the importance of phase II in MDMA-induced liver injury.  

 

To date, MDMA-mediated interactions with regulatory pathways of important phase II 

enzymes have not yet been clarified. Therefore in chapter 4, we studied cellular and 

molecular responses stimulated by MDMA or MDMA-metabolites in the glutathione system. 

THLE cells lacking CYP450 enzymes (THLE-Neo) and primary rat hepatocytes were used for 

these studies. We observed that only HHMA significantly reduced cell viability in THLE-Neo 

cells. As expected, HHMA reduced GSH levels in these cells. In contrast, cell viability or GSH 

levels were not significantly affected upon MDMA exposure in primary rat hepatocytes. This 

was most likely due to the fact that the less toxic metabolite MDA is the major metabolite 

formed in rat hepatocytes.  

Remarkably, the expression levels of the enzymes responsible for the GSH synthesis 

(GCLC) and conjugation (GST) were altered upon MDMA exposure in THLE cells as well as 

primary rat hepatocytes. This clearly indicates there is interaction between these enzymes 

and MDMA or MDMA-metabolites. Following HHMA exposure, GCLC and GST were 

increased, while MDMA only increased GST levels. The consequence of the lack of increased 

expression of GCLC by MDMA exposure is the absence of GSH synthesis.  

 

4. Potential MDMA treatments 

 

Antioxidants such as N-acetyl-cysteine (NAC) and sulforaphane (SFN) are often 

recommended for clinical use to re-establish the depleted levels of GSH and counteract the 

drug-mediated oxidative stress. In chapter 4, we evaluated the potential protective effects 

of these two antioxidants. NAC is a cysteine donor, which stimulates GSH synthesis. SFN is a 

natural compound commonly found in cruciferous vegetables such as broccoli. It has been 

shown to potentially induce phase II enzymes, thereby increasing GSH synthesis. Moreover, 

as we showed in chapter 3, SFN is an inhibitor of CYP3A4 expression and activity, which 

makes it a very interesting compound for counteracting MDMA-mediated toxic effects. In our 

cell models, NAC could negate MDMA-induced cytotoxicity and restore GSH levels. Also 

phase II enzyme expression (GCLC and GST) was reduced. Conversely, SFN increased MDMA-

induced cytotoxicity and GSH depletion, and GCLC and GST expression were greatly induced. 
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The differential behavior of both antioxidants in our systems indicates that the use of 

these compounds in the clinic during MDMA intoxications should be considered with care. 

NAC could act very rapidly to restore GSH depleted levels while SFN lacks this effect. On the 

long-term, the use of antioxidants such as SFN could contribute to the prevention of MDMA-

mediated adverse effects by increasing phase II enzymes. However, since other enzymes 

such as CYP3A4 could also be inactivated, the use of SFN can potentially give rise to adverse 

DDIs. 

 

5. MDMA and immune responses 

 

Two suggested pathways play a role in the generation of DILI: direct hepatotoxicity 

due to toxic metabolites (as previously mentioned) and indirect hepatotoxicity via adverse 

immune responses. In chapter 5, we have investigated the role of the immune system in 

MDMA-mediated toxicity. We used in vitro co-culture model consisting of a human liver cell 

line (HepG2) and a human monocytic cell line (THP-1) or primary human peripheral blood 

mononuclear cells (PBMC). In vitro co-culture models of liver and immune cells have been 

proven to represent the in vivo situation more closely than in vitro monoculture models. 

Furthermore, the interaction of various cell types makes these models more suitable for 

predicting drug-induced hepatotoxicity. 

MDMA induced cytotoxicity in a concentration-dependently manner in monocultures 

of HepG2 and THP-1 cells, but not in PBMC. Following MDMA exposure in the co-culture 

models, a protection (HepG2/THP-1) versus impairment (HepG2/PBMC) of HepG2 cell 

viability was observed.  

MDMA-mediated depression of the innate and adaptive immunity has been 

demonstrated in vivo several times. However, in vitro studies have only presented a modest 

immune suppression or even failed to show this effect. We observed a clear direct MDMA 

immunosuppressing effect on immune cells and also directly on the liver cells. This effect 

appeared to be even stronger in co-cultures. MDMA caused a large increase in the 

expression of pro-inflammatory cytokine IL-8 in mono- and co-cultured THP-1 cells. However, 

in HepG2 and PBMC, mono- and co-cultured, MDMA exposure significantly reduced pro-

inflammatory cytokines expression (TNF-α and IL-8), while the anti-inflammatory cytokine IL-

10 was increased. Although this observed immunosuppression is in agreement with results 

from in vivo studies, it appears to contradict the increased MDMA-induced cytotoxicity we 

observed in our HepG2/PBMC co-culture. In relation to these immunosuppressive effects, it 

can be suggested that MDMA could probably be the cause of a greater susceptibility to 

infectious diseases through a reduction of pro-inflammatory events. 

Several mechanisms such as influences by serotonin, glucocorticoids and 

catecholamines have failed to explain why MDMA can target the immune system and 

modulate its response. We have specifically investigated the role of PPARα. This nuclear 

receptor has been suggested to regulate inflammatory responses and is mainly expressed in 

the liver, although it has also been detected in various immune cell types such as dendritic 

cells, macrophages and B- and T-lymphocytes. MDMA inhibited WY-14643 (a PPARα 
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substrate) induction of pro-inflammatory cytokine expression even stronger than GW6471 (a 

PPARα antagonist). This inhibitory effect of MDMA appeared to be at least partially PPARα-

mediated, as the PPARα-marker gene ACOX1 was also decreased by MDMA exposure. 

Furthermore, MDMA-mediated inhibition was most pronounced in co-cultured cells, again 

strongly suggesting a hepatoma-immune cell communication that leads to the aggravation of 

MDMA-mediated effects. 

 

6. Take home messages 

 

- MDMA is a major cause of drug-induced liver injury (DILI).  

 

- Not only CYP2D6 but also CYP3A4 plays an important role in MDMA bioactivation.  

 

- MDMA causes a significant decrease of CYP3A activity and of PXR-mediated CYP3A 

expression. Therefore, drug-drug interactions may occur, resulting in a prolonged 

exposure to potentially hepatotoxic drugs.  

 

- Inhibition of phase II enzymes, such as COMT and enzymes involved in glutathione 

synthesis, contributes to the accumulation of reactive toxic MDMA metabolites, 

which can damage the liver cells.  

 

- MDMA toxic metabolites such as HHMA are largely responsible for MDMA-mediated 

hepatotoxicity through interaction with the glutathione system.  

 

- MDMA-mediated detoxification could be stimulated by an antioxidant, such as NAC. 

The use of SFN as antioxidant should be considered with care because its 

mechanism of action can lead to an increased risk of drug-drug interactions.  

 

- Instead of a single cell type model, co-culture of hepatoma cells with PBMC appears 

to be a more suitable in vitro model for studying liver toxicity in vitro.  

 

- MDMA acted as immunosuppressant when reducing TNF-α and IL-8, and also when 

increasing IL-10 expression. This suppression appears to be partially mediated by 

PPARα in the hepatoma cells. 
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Een mechanistich inzicht in MDMA-gemedieerde hepatotoxiciteit 
 
 

1. Inleiding  

 

Vanaf de jaren negentig werd XTC (voornaamste bestanddeel 3,4- 

methylenedioxymethamphetamine (MDMA)) erg populair bij jongeren, alhoewel het al aan 

het begin van de vorige eeuw voor het eerst geproduceerd werd.  

Tegenwoordig is het, na cannabis, het meest gebruikte geestverruimde middel. XTC 

heeft zijn populariteit waarschijnlijk te danken aan zijn neurochemische werking, die leidt tot 

positieve effecten zoals een relaxed euforisch gevoel, emotionele openheid, toegenomen 

empathie en algemeen gevoel van afgenomen remmingen. Hoewel in de gebruikerswereld 

MDMA als veilig wordt gezien, zijn er verschillende onomkeerbare effecten waargenomen als 

gevolg van misbruik. Over het algemeen kunnen deze effecten niet gekoppeld worden aan de 

hoeveel of de frequentie van het MDMA-gebruik. Vreemd genoeg zijn er dodelijke gevallen 

beschreven na het gebruik van 1 XTC tablet terwijl in een enkel geval het gebruik van 40-50 

tabletten niet leidde tot de dood.  In verhouding tot het gebruik van XTC is het aantal doden 

erg gering. Toch is de toxiciteit van XTC een punt van zorg voor de algemene 

volksgezondheid. 

 

2. Doel 

 

Verschillende organen kunnen beschadigd raken door XTC-gebruik. 

Gezondheidseffecten kunnen ontstaan door meerdere factoren zoals oververhitting, gebruik 

van meerdere drugs en/of medicijnen tegelijk (geneesmiddel-drug interacties DDIs), de 

veranderde afgifte van neurotransmitters, aantasting van de mitochondriale functie, 

apoptosis (celdood) , metabolisme en immuunreacties.  Echter de mechanismen die leiden 

tot onomkeerbare MDMA effecten zijn nog altijd niet volledig bekend. Een cruciale factor is 

het metabolisme van MDMA door fase I en II enzymen. Doordat dit voornamelijk in de lever 

plaatsvindt, is de lever een belangrijk doelorgaan voor MDMA-geinduceerde toxiciteit. Door 

metabolisme van MDMA ontstaan toxische metabolieten, die de levercellen ernstig kunnen 

beschadigen. Nadelige gevolgen van MDMA-aantasting van de lever kunnen leiden tot 

geelzucht, vergrote lever, necrose, hepatitis en fibrose. Echter het achterliggende 

mechanisme van MDMA geinduceerde levertoxiciteit moet verder onderzocht worden. Het 

ontstaan van leverbeschadigingen en de ernst van de symptomen zijn niet goed te correleren 

aan de ingenomen hoeveelheid of de gebruiksfrequentie van XTC.  Als gevolg van het gebruik 

van meerdere drugs tegelijk en/of MDMA in combinatie met medicijnen zijn drug-drug 

interacties (DDIs) mogelijk. Dit kan leiden tot MDMA-geinduceerde levertoxiciteit. Het doel 

van het onderzoek beschreven in dit proefschrift, is het ophelderen van het mechanisme van 

de leverbeschadigingen (DILI) veroorzaakt door MDMA. 
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3. Het MDMA metabolisme en regulatie 

 

MDMA wordt gemetaboliseerd door enzymatische oxidatie, waarbij verschillende 

enzymen uit de cytochroom P450 (CYP450) familie (fase I enzymen) zijn betrokken. De twee 

belangrijkste routes zijn ketendegradatie (N-dealkylation) van 3,4-

methylendioxyamphetamine (MDA) door voornamelijk CYP1A2 en in zekere mate door 

CYP2D6, en ringdegradatie (O-demethylenation) vooral door CYP2D6 waarbij 3,4-

dihydroxymethamphetamine (HHMA) and 3,4-dihydroxyamphetamine (HHA) ontstaan. 

Zowel HHMA en HHA bezitten een chemische groep (catechol) die zorgt dat dit erg reactieve, 

en daardoor toxische, metabolieten zijn. Deze catecholmetabolieten kunnen verder 

geoxideerd worden tot ortho-metabolieten  en dus leiden tot meerdere vrije zuurstof 

radicalen (ROS) en stikstof radicalen (RNS). ROS en RNS geven cellulaire oxidatieve stress 

door oxidatie van vetten, eiwitten en DNA. Fase I metabolieten worden door fase II enzymen 

omgezet in metabolieten die eenvoudig via de urine kunnen worden uitgescheiden. MDA kan 

worden afgebroken door oxidatie tot benzoinezuren. HHMA en HHA kunnen óf 

gemethyleerd worden door catechol-O-methyl-transferase (COMT), óf glucuronideerd of 

gesulfateerd worden tot respectievelijk 4-hydroxy-3-methoxymetamphatamine (HMMA) en 

4-hydroxy-3-methoxyamphetamine (HMA). Onder de invloed van glutathione-S-transferase 

(GST) kunnen HHMA en HHA binden aan glutathion (GSH). Dit leidt tot thiolether 

metabolieten. Het is aangetoond dat deze catechol-, ortho- and thioether-metabolieten tot 

leverschade kunnen leiden. 

Het metabolisme speelt een belangrijke rol bij de toxische effecten van MDMA. Het 

meeste onderzoek was gericht op de betrokkenheid van het CYP2D6 enzym bij MDMA 

bioactivatie. Er is minder bekend over de bijdrage van de andere CYP450 enzymen en van het 

fase II metabolisme. Het is bekend dat MDMA het CYP2D6 enzym inactiveert en er zijn 

aanwijzingen dat dit enzym voor slechts 30% bijdraagt aan het MDMA metabolisme.  

In hoofdstuk 2 beschrijven we de individuele bijdragen van de CY1A2, CYP2D6 en 

CYP3A4 aan de MDMA toxiciteit door middel van experimenten met humane lever cellen 

waarin slechts één CYP tot expressie komt. De data tonen aan dat niet alleen metabolisme 

door CYP2D6 maar ook door CYP3A4 leidt tot toxische MDMA catecholmetabolieten.  De 

remming van CYP2D6 door quinidine zorgde voor meer levende cellen, wat de relevantie van 

dit enzym voor de productie van reactieve metabolieten aangeeft. Daar tegenover staat dat 

de remming door respectievelijk α-naphtophlavone (α-NF) en troleandomycin (TAO) van 

CYP1A2 en CYP3A4 niet de celtoxische effecten van MDMA tegenging, wat duidt op een 

beperkte rol van deze enzymen bij de vorming van cytotoxische metabolieten. Er werden 

echter MDMA metabolieten gevonden in het kweekmedium van THLE cellen met zowel 

CYP2D6 als CYP3A4. Dit suggereert dat niet alleen CYP2D6 maar ook CYP3A4 een belangrijke 

rol speelt in de MDMA bioactivatie. 

In hoofdstuk 3 wordt de interactie tussen MDMA en CYP3A4 en zijn belangrijkste 

regulator pregnane X receptor (PXR) verder onderzocht. 

CYP3A4 heeft een grote verscheidenheid aan substraten en is betrokken bij meerdere 

metabole routes zoals de regulatie van de steroid hormoon homeostasis, de bioactivatie van 
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procarcinogenen en medicijnen tegen kanker. Belangrijks is dat  CYP3A4 betrokken is bij het 

metabolisme van meer dan 50% van de klinisch gebruikte medicatie.  Vandaar dat CYP3A4 

gezien wordt als een van de belangrijkste oorzaken van nadelige DDIs. 

DDIs ontstaan vaak door interacties met metabole enzymen, maar kunnen ook komen 

door interactie met de receptoren die deze enzymen reguleren, zoals PXR. PXR wordt gezien 

als een sensor  voor mogelijke toxische stoffen (xenobiotica) en reguleert de activatie of 

remming van de metaboliserende enzymen en het cellulaire transport. Het komt sterk tot 

expressie in de lever en de darm. Daarom speelt interactie van MDMA met CYP3A4 en zijn 

voornaamste regulator PXR, een grote klinische rol in het ontstaan van levertoxiciteit.  

Onze resultaten tonen aan dat MDMA werkt als een remmer van CYP3A4 activiteit. 

Bovendien is MDMA een PXR antagonist en kan het de CYP3A4 expressie verlagen. Dit werd 

gezien in verschillende in vitro systemen zoals het hPXR-CYP3A4 reporter-based assay in een 

humane darmcellijn (LS180), primaire rattenlevercellen en rattenlever microsomen. 

Daarnaast hebben het remmende effect van MDMA vergeleken met twee bekende 

PXR antagonisten: ketoconazole en sulforaphane (SFN). De afname van de PXR activiteit door 

ketoconale trad op bij concentraties die cytotoxisch waren voor de cellen. SFN vertoonde 

geen PXR antagonistisch effect in ons humaan in vitro darmmodel, maar de PXR activatie was 

geremd in de rattenlevercellen. De SFN-remming van de PXR activatie resulteerde echter niet 

in verlaging van CYP3A4 expressie in onze studies. MDMA remt CYP3A4 door katalytische 

remming en door interactie met PXR. Dit zou kunnen betekenen dat er DDIs zijn tussen 

MDMA en andere medicijnen als zij dezelfde metabole routes volgen. Omdat veel XTC 

consumptie gesignaleerd is onder psychiatrische patienten kan het gebruik van meerdere 

drugs en/of medicijnen worden verondersteld en zijn drug-druginteracties te verwachten. Te 

meer omdat de meeste medicijnen die gebruikt worden bij psychiatrische patienten of bij de 

behandeling van XTC intoxicaties (gedeeltelijk) worden gemetaboliseerd door CYP3A4, zoals 

diazepam, of het antagonisten voor PXR zijn, zoals het anti-epilepticum phenytoine. Daarom 

hebben we in hoofdstuk 3 de interactie tussen MDMA en verschillende medicijnen 

onderzocht op PXR en CYP3A4. Onderzochte medicijnen zijn diazepam (angstremmer, 

spierontspanner), phenytoine (anti-epilepticum), clozapine en risperidone (anti-psychotica), 

fluoxetine en paroxetine (antidepressiva), caffeine, meta-chlorophenylpiperazine (mCPP) en 

amphetamine (de laatste drie komen ook voor in tabletten). MDMA remt duidelijke de 

CYP3A4 expressie en activiteit op een concentratie-afhankelijke manier. Maar de combinatie 

met de genoemde medicijnen vertoonde geen interactie op CYP3A4 activiteit. Hieruit kan 

gesuggereerd worden dat MDMA CYP3A4 blokkeert waardoor het minder toegankelijk is 

voor een aantal van deze andere medicijnen. Bovendien remt MDMA de PXR gemedieerde 

activatie van PXR activatoren in LS180 cellen (rifampicin) en in primaire rattenlevercellen 

(pregnenolone 16alpha-carbonitrile, PCN). Dit effect werd ook waargnomen bij gelijktijdige 

blootstelling aan MDMA  en diazepam, phenytoin, clozapine of risperidone. Deze data 

bewijzen dat MDMA een significante afname in de CYP3A4 activiteit en de PXR gemedieerde 

CYP3A4 expressie veroorzaakt. Daarom kunnen interacties optreden met andere drugs of 

medicijnen die gelijksoortige metabole routes hebben, wat resulteert in een verlengde 

blootstelling aan mogelijk levertoxische drugs en medicijnen. 
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Accumulatie van MDMA metabolieten kan leiden tot cellulaire oxidatieve stress en 

daardoor medicijn geinduceerde leverschade (DILI) veroorzaken.  Onderzoek naar de 

betrokkenheid van fase II enzymen zoals glutathione (GSH), wat een grote rol speelt bij de 

bescherming van cellen tegen oxidatieve stress, is van belang. Catechol-O-methyltransferase 

(COMT ) speelt een rol bij de inactivatie van catechol-metabolieten. Het gebrek aan COMT 

activiteit wordt gezien als mogelijke oorzaak van de ophoping van deze metabolieten, wat 

kan leiden tot MDMA-gemedieerde levertoxiciteit. Vandaar dat we in hoofdstuk 2 de 

relevantie van de fase II enzymen voor de detoxficatie van MDMA metabolieten hebben 

onderzocht in THLE cellen. Onze data tonen aan dat de remming van COMT (door Ro 41-960) 

en gluthatione synthese (door buthionine sulfoximine, BSO) bijdragen aan de accumulatie 

van reactieve toxische metabolieten.  Opvallend genoeg gaf de remming van COMT activiteit 

een toename van de cytotoxiciteit van THLE-CYP2D6 cellen, terwijl de remming van de 

gluthatione vorming meer effect had op de levensvatbaarheid van de THLE-CYP3A4 cellen. 

Dit benadrukt het belang van fase II in MDMA geinduceerde leverschade. 

Tot op heden zijn MDMA gemedieerde interacties met belangrijke fase II systemen 

nog niet opgehelderd.  Daarom hebben we in hoofdstuk 4 de cellulaire en de moleculaire 

effecten van MDMA en MDMA-metabolieten op het glutathione systeem onderzocht. De 

THLE cellen zonder CYP450 enzymen (THLE-Neo) en primaire rattenlevercellen zijn in dit 

onderzoek gebruikt. We zagen dat alleen HHMA celdood opleverde in THLE-Neo cellen. Zoals 

verwacht gingen de GSH niveaus omlaag door HHMA in deze cellen. Daarentegen werden in 

primaire rattenlevercellen de GSH niveaus en percentage levende cellen niet beïnvloed door 

blootstelling aan MDMA. Dit werd waarschijnlijk veroorzaakt doordat in rattenlevercellen 

voornamelijk de minder toxische metaboliet MDA wordt gevormd. 

Opvallend genoeg veranderden de expressie niveaus van enzymen verantwoordelijk 

voor de GSH vorming (GCLC) en conjugatie (GST) in zowel THLE cellen en primaire 

rattenlevercellen, wat duidelijk duidt op interactie tussen deze enzymen en MDMA of 

MDMA-metabolieten. Door HHMA blootstelling, namen GCLC en GST toe, terwijl MDMA 

alleen zorgde voor een toename in de GST niveaus. Doordat GCLC niet toeneemt door 

blootstelling aan MDMA, zal ook GSH niet toenemen. 

 

4. Mogelijke MDMA behandelingen 

 

Anti-oxidanten, zoals N-acetyl-cysteine (NAC) en sulforaphane (SFN), worden vaak 

aanbevolen als medicijnen bij drugs gebruik om te zorgen dat de GSH niveaus hoog genoeg 

blijven en de oxidatieve stress tegengegaan wordt. In hoofdstuk 4 worden de mogelijke 

beschermende effecten van deze twee anti-oxidanten beschreven. NAC is een cysteine donor 

die de GSH vorming stimuleert. SFN komt van nature voor in kruisbloemige planten en 

groentes zoals broccoli. Het is aangetoond dat het fase II enzymen stimuleert en zo zorgt 

voor een toename van de GSH vorming. Zoals eerder beschreven is SFN een remmer van de 

CYP3A4 expressie en activiteit (zie hoofdstuk 3) waardoor het een mogelijk interessante 

verbinding is voor het tegengaan van de toxische effecten van MDMA. In onze celmodellen 

kon NAC de door MDMA veroorzaakte celdood tegengaan en de GSH niveaus herstellen. Ook 
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de expressie van fase II enzymen GCLC en GST werd hersteld.  Omgekeerd nam de celdood 

door MDMA toe en nam GSH af door SFN, terwijl GCLC en GST expressie toenam. 

Het verschillende gedrag van beide anti-oxidanten in onze systemen duidt er op dat 

het klinisch gebruik van deze stoffen bij MDMA vergiftingen met zorg moet worden 

overwogen. NAC kan erg snel zorgen voor een verhoging van GSH, SFN heeft dit effect niet. 

Voor de langere duur kan het gebruik van anti-oxidanten zoals SFN wellicht zorgen voor een 

toename van de werking van fase II enzymen en zodoende bijdragen aan een bescherming 

tegen de negatieve effecten van MDMA. Hoewel andere enzymen, zoals CYP3A4, ook 

onwerkzaam kunnen worden  en het gebruik van SFN ook kan zorgen voor mogelijke 

negatieve DDI effecten. 

 

5. MDMA en immuunreacties 

 

Twee mogelijke routes zijn van belang bij DILI: directe levertoxiciteit als gevolg van 

toxische metabolieten (zoals eerder beschreven) en indirecte levertoxiciteit door ongunstige 

immuunreacties. In hoofdstuk 5 hebben we de bijdrage van het immuunsysteem aan de 

MDMA toxiciteit onderzocht. We hebben daarbij gebruik gemaakt van een in vitro co-cultuur 

model bestaande uit een humane levercellijn (HepG2) en een humane mononucleaire cellijn 

(THP-1) of primaire humane mononucleaire perifere bloedcellen (PBMC). Er is aangetoond 

dat in vitro co-cultuur modellen de in vivo situatie beter benaderen dan in vitro monocultuur 

modellen. Bovendien maken de interacties van de verschillende typen cellen deze modellen 

geschikter voor het voorspellen van de door drug veroorzaakte levertoxiciteit. 

MDMA leidt tot een concentratie-afhankelijke celdood in de monocultures van HepG2 

en THP-1 cellen maar niet in PBMC. MDMA blootstelling leidde in de co-cultuur modellen tot 

een bescherming (HepG2/THP-1) of een vermindering van (HepG2/PBMC) van HepG2 

cellevensvatbaarheid. 

Verschillende keren is in vivo de door MDMA veroorzaakte afname van de 

aangeboren en adaptieve immuniteit aangetoond. In in vitro studies werd tot nu toe echter 

alleen een matige of geen verandering van de immuniteit waargenomen. Wij zagen een 

duidelijk immunonderdrukkend effect op immuun cellen en ook op de levercellen. Dit effect 

leek zelfs sterker in co-cultures. MDMA veroorzaakte een grote toename van de werking van 

het pro-inflammatoire cytokine IL-8 in zowel mono- als co-culture THP-1 cellen. Echter in 

HepG2 en PBMC, zowel in mono- als in co-cultures, zorgde MDMA blootstelling voor een 

sterke daling in expressie van de pro-inflammatoire cytokines (TNF-α en IL-8), terwijl 

expressie van de anti-inflammatoire cytokine IL-10 toenam. Hoewel deze waargnomen 

immunonderdrukking overeenkomt met de resultaten uit in vivo- studies lijkt het in 

tegenspraak te zijn met de toegenomen MDMA celdood die we zagen in de HepG2/PBMC co-

culture. Het lijkt erop dat MDMA de vatbaarheid voor infecties vergroot door afname van 

pro-inflammatoire reacties. 

Diverse mechanismen zoals de invloed van serotonine, glucocorticoiden en 

catecholamines hebben tot nu toe niet kunnen verklaren hoe MDMA effect heeft op het 

immuunsysteem. Wij hebben gekeken naar de rol van PPARα. Er wordt gesuggereerd dat 
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deze nucleaire receptor ontstekkingsreacties reguleert en komt voornamelijk tot expressie in 

de lever. Hoewel het ook is aangetroffen in verschillende types immunocellen zoals 

dendritische cellen, macrofagen en B- en T-lymfocyten. In onze experimenten remde MDMA 

de inductie van proinflammatoire cytokines door WY-14643 (een PPARα-substraat) zelfs 

sterker dan GW6471 (een PPARα antagonist). Dit effect van MDMA lijkt gedeeltelijk te 

komen door interactie met PPARα, omdat het PPARα marker gen ACOX1 ook afnam na 

blootstelling aan MDMA. De MDMA remming was het sterkst in de co-culture cellen, wat 

wijst op een interactie tussen lever- en immuuncellen die de effecten van MDMA kunnen 

versterken. 

 

6. Voornaamste conclusies 

 

- MDMA is een belangrijke oorzaak van leverschade veroorzaakt door drugs.  

 

- Niet alleen CYP2D6 maar ook CYP3A4 spelen een belangrijke rol bij activatie van 

MDMA.  

 

- MDMA zorgt voor een significante afname van CYP3A4 activiteit. Ook de expressie 

van CYP3A4 wordt geremd, via PXR. Daardoor kunnen drug-drug of drug-medicijn 

interacties plaatsvinden die kunnen leiden tot een verlengde blootstelling aan 

mogelijk levertoxische drugs.  

 

- Remming van fase II enzymen zoals COMT en enzymen betrokken bij de glutathione 

vorming dragen bij aan de ophoping van reactieve toxische metabolieten, wat kan 

leiden tot schade aan de levercellen.  

 

- Toxische MDMA metabolieten (zoals HHMA) die reageren met het glutathione 

systeem zijn de voornaamste oorzaak van MDMA gerelateerde leverschade. 

 

- Detoxificatie van MDMA kan worden gestimuleerd door een anti-oxidant zoals NAC. 

Het gebruik van SFN als anti-oxidant moet zorgvuldig overwogen worden omdat het 

mogelijk kan leiden tot een toename van de drugs-drugs / drugs-medicijnen 

interactierisico’s.  

 

- In plaats een in vitro model met één celtype lijkt een co-cultuur model van 

levercellen met PBMC beter geschikt voor het in vitro bestuderen van levertoxiciteit.  

 

- MDMA werkt als een immuunonderdrukker door vermindering van TNF-α en IL-8 en 

toename van IL-10. Deze onderdrukking lijkt deels te komen door interactie van 

MDMA met PPARα in de levercellen. 
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Interpretación mecanística de la hepatotoxicidad generada por MDMA 
 

 

1. Introducción  

 

Las pastillas de Éxtasis (las cuales contienen 3,4- metilendioximetamfetamina 

(MDMA)) se hicieron muy populares entre los jóvenes a mediados de los años 90, aunque la 

primera vez que se sintetizaron fue a principios del siglo pasado. Actualmente es la segunda 

droga de abuso más usada después de la marihuana. La popularidad del Éxtasis 

probablemente creció debido a sus effectos sobre el sistema nervioso central, los cuales 

generan los conocidos “efectos positivos” (euforia, apertura emocional, incremento de la 

empatía y sensación de desinibición). MDMA no se considera peligroso per se entre los 

ambientes en que se consume, aunque su uso está ligado a varios efectos adversos. No se ha 

encontrado relación alguna entre la cantidad o frecuencia del consumo de MDMA y dichos 

efectos. Aunque se han descrito casos de mortalidad tras el consumo de una sóla pastilla de 

MDMA, sorprendentemente el consumo de incluso 40-50 pastillas no ocasionó la muerte en 

otros casos. Si evaluamos las tasas de mortalidad obtenidas bajo la influencia de MDMA no 

presentan valores muy elevados al ser comparados con las cifras de consumición; sin 

embargo esto no excluye al Éxtasis de ser considerado un riesgo para la salud pública por su 

capacidad de producir efectos tóxicos o nocivos. 

 

2. Objetivo 

 

La exposición a MDMA pude provocar daños en múltiples órganos. La combinación de 

varios factores puede iniciar o dar lugar a diversos efectos perjudiciales, entre ellos, 

hipertermia, uso de drogas de abuso o fármacos en combinación (interacción de drogas), 

alteraciones en la secreción de neurotransmisores, deterioro de la función mitocondrial, 

apoptosis, metabolismo y la respuesta inmunológica. Los mecanismos que desencadenan los 

efectos adversos promovidos bajo la influencia de MDMA se desconocen; aunque, el 

metabolismo de MDMA mediante las enzimas de la fase I y II se sabe que es el principal 

desencadenante que promueve a los otros factores iniciando un daño hepático. El 

metabolismo de MDMA ocurre primariamente en el hígado, donde se generan metabolitos 

más tóxicos que el propio químico de origen (MDMA), dichos metabolitos pueden causar un 

daño severo en el hígado. Entre los efectos adversos generados por el consumo de MDMA en 

el hígado están la ictericia, hepatomegalia, necrosis centrolobular, hepatitis y fibrosis. El 

mecanismo que desencadena estos síntomas de hepatotoxicidad bajo la influencia de MDMA 

necesita conocerse en mayor medida; especialmente, con motivo de la falta de correlación 

entre los síntomas y la cantidad o frecuencia del consumo de MDMA. Además se requiere 

cierta consideración en cuanto a la posibilidad de interacciones de drogas. Ya que, la 

combinación de drogas de abuso es frecuente en su ambiente de consumo y/o también 

puede ocurrir la administración de fármacos durante el tratamiento de intoxicaciones por 

MDMA. La interacción de drogas supone un factor más que contribuye a la hepatotoxicidad 
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generada por el consumo de MDMA. Por lo tanto, el objetivo de esta tesis fue determinar los 

mecanismos por los cuales MDMA puede desencadenar en lesión hepática. 

 

3. El metabolismo de MDMA y su regulación 

 

El metabolismo de MDMA conlleva un proceso de oxidación que esta controlado por 

las enzimas de fase I, en concreto la familia de los citocromos P450. Este proceso puede 

realizarse vía dos rutas: una primera ruta donde la degradación de la cadena (N-

desalquilación) produce 3,4-metilendioxiamfetamina (MDA)  principalmente vía la enzima 

CYP1A2 y parcialmente por la enzimza CYP2D6, y una segunda ruta donde la degradación del 

anillo (O-desmetilenación) da lugar a 3,4-dihidroximetamfetamina (HHMA) y 3,4 

dihidroxiamfetamina (HHA) con frecuencia vía la enzima CYP2D6.  HHMA y HHA presentan un 

grupo químico (catecol), que los convierte en metabolitos muy reactivos y por tanto 

extremadamente tóxicos.  Los catecol-metabolitos pueden continuar la oxidación generando 

los orto-metabolitos, los cuales pueden originar especies de oxígeno reactivas (RSO) y 

especies de nitrógeno reactivas (RNS) tras pasar por procesos de redox. ROS y RNS son 

responsables de promover un estrés oxidativo celular mediante la unión de éstas especies a 

lípidos, proteínas y ADN. Seguidamente, las enzimas de fase II continúan el proceso de 

metabolización generando metabolitos que pueden ser fácilmente excretados en la orina. 

MDA es degradado en compuesto derivados del ácido benzoico. HHMA y HHA pueden ser 

metilados por la enzima catecol-O-metil-transferas (COMT), glucoronizados or sulfatados, 

originando compuestos como 4-hidroxi-3-metoximetamfetamina (HMMA) y 4-hidroxi-3-

metoxiamfetamina (HMA). Además, la glutation-S-transferasa (GST), que puede transferir el 

grupo glutation a HHMA y HHA forma los compuestos tioeteres. Los metabolitos catecol-, 

orto- y tioeter- son conocidos por tener la capacidad de producir daño hepático. 

El metabolismo forma parte del proceso de toxificación generado por parte de 

MDMA. La mayoría de las investigaciones se han centrado en el papel de la enzima CYP2D6 

en el proceso de activación biológica de MDMA. Sin embargo, la contribución de otras 

enzimas de la familia de los citocromos P450 y las enzimas de fase II han sido menos 

estudiadas. Se conoce que MDMA inactiva a CYP2D6, incluso algunos estudios han 

demostrado que la contribución total de esta enzima en el metabolismo de MDMA no supera 

el 30%. En el capítulo 2, hemos investigado la contribución específica de las enzimas 

CYP1A2, CYP2D6 y CYP3A4 en la toxicidad generada por MDMA; Este estudio se ha realizado 

en la línea celular de células epiteliales de hígado humano (THLE), las cuales expresan cada 

CYP450 de forma individual. Los datos demostraron que la metabolización de MDMA genera 

metabolitos más tóxicos (catecol-metabolitos), no siendo la enzima CYP2D6 la única 

responsable del proceso, sino que también CYP3A4 juega un papel importante. 

Comprobamos que la inhibición de CYP2D6 con quinidina influyó positivamente en la 

viabilidad celular, lo que indica la importancia de esta enzima en la generación de 

metabolitos más reactivos. Por el contrario, la inhibición de CYP1A2 y CYP3A4 con α-

naftoflavona (α-NF) y troleandomicina (TAO), respectivamente no contrarrestó el efecto 

citotóxico de MDMA; lo cual podría indicar cierto límite en la participación de estas enzimas 
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en la generación de metabolitos citotóxicos. Sin embargo, a través de técnicas de 

cromatografía líquida (LC-MS/MS), evaluamos el contenido metabólico en el sobrenadante 

de los cultivos celulares expresando las enzimas CYP3A4 y CYP2D6 individualmente, y 

observamos que los metabolitos de MDMA fueron detectados en ambas líneas celulares. Por 

tanto, estos estudios demostraron que la enzima CYP3A4 también contribuye en la activación 

biológica de nuestro químico de estudio MDMA. 

 

En el capítulo 3, continuamos investigando la interacción de MDMA con la enzima 

CYP3A4 y su principal regulador el receptor nuclear pregnane X receptor (PXR). 

CYP3A4 presenta afinidad a una gran variedad de substratos y participa en infinidad 

de procesos metabólicos como la regulación de la homeostasis de hormonas esteroideas, la 

activación biológica de compuesto pro-carcinogénicos del medio ambiente y de drogas anti-

cancerígenas. Hay que destacar, que más del 50% de los fármacos que se usan son 

metabolizados por CYP3A4. Considerando que CYP3A4 es la enzima predominante en el 

hígado y su participación en diversas rutas metabólicas; se encuentra entre las enzimas que 

representan un mayor riesgo en la generación de interacción de drogas. La interacción de 

drogas ocurre frecuentemente a nivel de las enzimas que metabolizan la droga y/o al nivel de 

los receptores nucleares que regulan la expresión de esas enzimas, como es el caso de PXR. 

PXR actúa como un sensor de químicos (xenobióticos) y regula la activación o inhibición de 

las enzimas que metabolizan o transportan esos químicos. Se expresa principalmente en el 

hígado e intestino. Por tanto, el estudio de las interacciones con CYP3A4 y su más importante 

regulador PXR es de gran importancia, las cuales pueden influir en la hepatotoxicidad 

generada tras el consumo de MDMA. En nuestros estudios, demostramos que MDMA es un 

antagonista (inhibidor) de PXR y puede así, disminuir la expresión de CYP3A4. Estos hallazgos 

fueron comprobados en varios sistemas in vitro como fue el hPXR-CYP3A4 reporter-based 

assay expresado en una línea celular de intestino humano (LS180), cultivos primarios de 

hepatocitos de rata y en microsomas aislados de hígado de rata.  

A continuación comparamos el efecto de inhibición de MDMA con dos conocidos 

antagonistas de PXR: ketoconazol y sulforafan (SFN). La inhibición de PXR con ketoconazol 

fue observada a concentraciones que fueron citotóxicas para las células. SFN por otro lado, 

no demostró ningún efecto antagónico en nuestro modelo in vitro de células intestinales 

humanas; sin embargo, PXR fue inhibido con SFN en el modelo de hepatocitos de rata. A 

pesar de que SFN había inhibido PXR en nuestras investigaciones, no se alteró la expresión de 

CYP3A4. Por el contrario, MDMA inhibió CYP3A de forma catalítica y también a nivel de 

expresión a través de su interacción con PXR. Esto implica la posibilidad de interacción entre 

MDMA y otras drogas que compartan similitudes en sus rutas metabólicas. Por ejemplo, 

pacientes con problemas psiquiátricos los cuales consumen MDMA, son susceptibles a 

experimentar una exposición a múltiples drogas, y por tanto se esperan casos de interacción 

de drogas en estos pacientes. Además, múltiples fármacos son metabolizados vía CYP3A, 

como por ejemplo diazepam, o son fármacos agonistas de PXR como fenitoína. Por tanto en 

el capítulo 3, nos centramos en las interacciones de MDMA con CYP3A y PXR, utilizando 

múltiples fármacos frecuentemente usado en tratamientos para desordenes psiquiátricos, o 
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incluso fármacos usados durante el tratamiento en casos de intoxicaciones por MDMA. Los 

fármacos utilizados en estos estudios fueron diazepam (agente para combatir la 

ansiedad/relajante muscular), fenitoína (antiepiléptico), clozapina y risperidona 

(antipsicóticos), fluoxetina y paraxetina (antidepresivos), cafeína, meta-clorofenilpiperazina 

(mCPP) y amfetamina (los cuales representan drogas que se encuentra como contaminantes 

en las pastillas de Éxtasis). La inhibición de la actividad y expresión de CYP3A tras el 

tratamiento con MDMA fue dependiente de la concentración usada en nuestros estudios. Sin 

embargo, la combinación con los fármacos mencionados no pronunció el efecto provocado 

por MDMA en la actividad de CYP3A. Podría ser que MDMA bloquea el centro catalítico de la 

enzima CYP3A y con ello convirtiéndola en inaccesible a los otros fármacos. Por otro lado, 

MDMA también consiguió inhibir la activación de PXR vía inductores específicos en LS180 

(rifampicina) y en los cultivos primarios de hepatocitos de rata (pregnenolona 16alfa-

carbonitrilo (PCN)). MDMA también, inhibió la activación de PXR promovida por los fármacos 

usados (diazepam, fenitoína, clozapina y risperidona). Concluyendo, MDMA demostró inhibir 

significativamente la actividad de CYP3A y también la expresión de CYP3A mediada por PXR. 

Por tanto, la interacción a este nivel con otras drogas que compartan similitudes en sus rutas 

metabólicas, puede resultar en la prolongación de la acumulación de drogas potencialmente 

tóxicas para el hígado.  

La acumulación de los metabolitos de MDMA genera estrés oxidativo celular y 

consecuentemente puede provoca lesiones en el hígado. Con ello, se considera de gran 

relevancia el estudio del papel de las enzimas de fase II como la glutation (GSH), la cual 

interviene protegiendo a las células contra el estrés oxidativo. La enzima catecol-O-

metiltransferasa (COMT) también se considera importante en el proceso de desactivación de 

los catecol-metabolitos. La ausencia de COMT, podría generar la acumulación de estos 

metabolitos de MDMA provocando la iniciación de hepatotoxicidad. Por tanto en el capítulo 

2, estudiamos,  el papel de las enzimas de fase II en el proceso de detoxificación de los 

metabolitos de MDMA en las células THLE. Los datos demostraron que la inhibición de COMT 

(con un inhibidor selectivo Ro 41-960) y de la síntesis de glutation (con sulfoximina butionina 

(BSO)) incrementó la acumulación de los metabolitos reactivos y tóxicos, acentuando los 

efectos citotóxicos. Y específicamente, la inhibición de COMT incremento mayoritariamente 

la citotoxicidad en las células THLE que expresaban CYP2D6, mientras que la inhibición de de 

la síntesis de glutation afectó la viabilidad de las células THLE que expresaban CYP3A4. Estos 

resultados corroboraron la importancia del papel de las enzimas de fase II en las lesiones 

hepáticas generadas por el uso de MDMA. 

Los estudios realizados hasta el momento, no recogen la influencia de MDMA en la 

regulación de enzimas relevantes de fase II. Por tanto en el capítulo 4, estudiamos las 

respuestas celulares y moleculares relacionadas con el sistema glutation que fueron 

estimuladas durante el tratamiento con MDMA o sus metabolitos. Los modelos utilizados 

durante el desarrollo de estos estudios fueron las células THLE que carecían de enzimas 

CYP450 (THLE-Neo) y cultivos primarios de hepatocitos de rata. En los cultivos de las células 

THLE-Neo solamente HHMA redujo la viabilidad celular. Y coordinadamente como se 

esperaba, HHMA disminuyó los niveles de GSH. Por el contrario, cuando los cultivos 
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primarios de hígado de rata se trataron con MDMA, la viabilidad de las células y los niveles 

de GSH no se alteraron. Una posible explicación a este fenómeno es que en rata, se conoce 

que durante el metabolismo de MDMA se genera mayoritariamente MDA, que es un 

metabolito menos tóxico.  

Hay que destacar que la expresión de las enzimas responsables de la síntesis de 

glutation (GCLC) y de su conjugación (GST) fueron alteradas durante el tratamiento de 

MDMA, tanto en las células THLE como en los cultivos primarios de hepatocitos de rata. Lo 

cual indica una clara interacción entre estas enzimas con MDMA o sus metabolitos. La 

expresión de GCLC y GST se vio incrementada cuando las células fueron expuestas a HHMA, 

mientras que con MDMA, solo aumentaron los niveles de expresión de GST. El tratamiento 

con MDMA no provocó incremento de la expresión de GCLC, indicando que la síntesis de GSH 

no fue estimulada bajo la influencia de MDMA pero sí con el uso de su metabolito HHMA. 

 

4. Posibles tratamientos para MDMA 

 

El uso de antioxidantes como N-acetil-cisteina (NAC) y sulforafano (SFN) ha sido 

recomendado frecuentemente para restablecer los niveles de GSH y así, contrarrestar el 

estrés oxidativo generado por una droga o fármaco. En el capítulo 4, evaluamos el potencial 

de protección de los dos antioxidantes mencionados. NAC es un donador de cisteína, que 

estimula la síntesis de GSH. SFN es un compuesto natural que se encuentra en plantas 

crucíferas como el brócoli. El potencial de SFN de inducir las enzimas de fase II, y con ello el 

incremento de la síntesis de GSH ha sido demostrado en estudios previos. Además, como 

demostramos en el capítulo 3, SFN es un inhibidor de la actividad y la expresión de CYP3A4, 

por lo cual éste compuesto se presenta como un interesante candidato para contrarrestar lo 

efectos tóxicos generados por MDMA. En nuestros modelos celulares, NAC inhibió la 

citotoxicidad generada por MDMA y reestableció los niveles de GSH, además de reducir la 

expresión de las enzimas de fase II (GCLC y GST). Por el contrario, SFN aumentó los efectos 

citotóxicos de MDMA y redujo los niveles de GSH, y la expresión de GCLC y GST se vieron 

incrementadas considerablemente. 

El uso clínico de los antioxidantes debe considerarse con precaución, dada la 

diferencia presentada en nuestros sistemas celulares. NAC puede actuar rápidamente 

reestableciendo los niveles agotados de GSH, mientras que SFN carece de éste efecto. Podría 

ser que el uso de SFN contribuyera en la prevención de los efectos mediados por MDMA, 

siempre y cuando se aplicara previamente como tratamiento profiláctico, que incrementaría 

el nivel de las enzimas de fase II. Sin embargo, debido a la interacción establecida con 

CYP3A4 y dada su inhibición, el uso de SFN podría suponer un riesgo de interacción adversa 

de drogas. 

 

5. MDMA y sus respuestas inmunológicas 

 

Dos rutas son consideradas las desencadenantes de lesiones promovidas por drogas 

en el hígado: heptotoxicidad directamente producida por la acción de metabolitos tóxicos o 
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la hepatotoxicidad indirectamente producida por la respuesta inmunológica. Y por ello en el 

capítulo 5, hemos investigamos la representación del sistema inmune en la toxicidad 

generada por MDMA. Para ello, utilizamos un modelo de co-cultivo in vitro que consistió en 

una línea celular hepática humana (HepG2) y una línea celular monocítica humana (THP-1) o 

un cultivo primario de células mononucleares de la sangre periférica (PBMC). Los modelos in 

vitro de co-cultivo celular entre células hepáticas e inmunes han demostrado representar la 

situación in vivo de un modo más realista que los modelos de mono-cultivo celular. La 

interacción entre los diversos tipos celulares, contribuye a que este modelo sea más 

adecuado para estudiar los efectos tóxicos mediados por drogas en el hígado. En los mono-

cultivos de HepG2 y THP-1, pero no en los de PBMC, la citotoxicidad generada por MDMA es 

inducida de forma dependiente al incremento de la concentración. En estos co-cultivos 

observamos diferentes efectos, el tratamiento de MDMA mostró un efecto de protección de 

la viabilidad celular en las células de hígado (durante los cultivos de HepG2/THP-1), cuando 

por el contrario un aumento del deterioro celular fue observado en las células hepáticas 

(durante los cultivos de HepG2/PBMC). 

El uso de MDMA deprime el sistema inmune innato y adaptativo, lo cual ha sido 

demostrado en múltiples ocasiones en estudios in vivo. En la mayoría de estudios realizados 

in vitro este efecto inmunosupresor no ha podido ser demostrado o lo han hecho levemente. 

Sin embargo, nuestros estudios demostraron claramente el efecto inmunosupresor de 

MDMA en las células inmunes y en las de hígado. Siendo incluso más acentuado durante los 

co-cultivos. El tratamiento de MDMA provoca un aumento de la expresión de la citoquina 

pro-inflamatoria IL-8, tanto en mono- como co-cultivos de las células THP-1. Por el contrario, 

MDMA reduce significativamente en HepG2 and PBMC mono- y co-cultivadas, la expresión 

de las citoquinas pro-inflamatorias (TNF-α y IL-8), mientras que la expresión de la citoquina 

anti-inflamatoria IL-10 fue aumentada. Estos resultados concuerdan con los resultados 

ilustrados en los estudios realizados in vivo, sin embargo, no explican el aumento de la 

citotoxicidad hallado en los cultivos de HepG2/PBMC tras la exposición a MDMA. Algunas 

investigaciones sugieren que el consumo de MDMA puede incrementar la sensibilidad de los 

individuos expuestos, a contraer enfermedades infecciosas, con motivo de la reducción de 

los procesos pro-inflamatorios. 

Múltiples mecanismos propuestos tales como alteraciones en los niveles de 

serotonina, glucocorticoides y catecolaminas, no han podido ilustrar cómo MDMA puede 

interaccionar con el sistema inmune y alterar su respuesta. En nuestro estudio abordamos el 

papel de PPARα en este proceso. Este receptor nuclear ha sido propuesto previamente como 

regulador de la respuesta immune; se expresa principalmente en el hígado, pero también se 

ha detectado en otros tipos celulares como células inmunes (células dendríticas, macrófagos, 

linfocitos B y T). Cuando PPARα se estimula con WY14643 (substrato específico de PPARα), 

se produce una inducción de citoquinas pro-inflamatorias, esta acción se ve inhibida cuando 

se administra MDMA. Esta inhibición es incluso más acusada que la realizada por GW6471 

(inhibidor específico de PPARα). El efecto inhibitorio de MDMA parece estar parcialmente 

mediado por PPARα, ya que la expresión de ACOX1 (un gen marcador de PPARα) también se 

vio reducido bajo la influencia de MDMA. La inhibición observada a consecuencia de MDMA 
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fue más pronunciada durante los co-cultivos celulares, lo cual indica una vez más la 

interacción entre las células de hígado y las inmunes, provocando que los efectos de MDMA 

sean más acusados. 

 

6. Notas y consejos 

 

- La lesión hepática se encuentra entre los principales daños provocados por MDMA. 

 

- No solamente la enzima CYP2D6 sino también la CYP3A4 interviene en la activación 

biológica de MDMA.  

 

- MDMA inhibe tanto la actividad de la enzima CYP3A como su expresión, la cual es 

regulada por PXR. A este nivel se puede establecer interacción de drogas, 

provocando una prolongada acumulación de drogas potencialmente hepatotóxicas. 

 

- La inhibición de las enzimas de la fase II del metabolismo como COMT y las que 

median la síntesis de glutation, son responsables de la acumulación de los 

metabolitos tóxicos de MDMA que pueden dañar las células del hígado. 

 

- Los metabolitos tóxicos, como el HHMA, son los responsables de desencadenar 

hepatotoxicidad a través de interaciones con el sistema de glutation. 

 

- La detoxificación de MDMA puede realizarse mediante el uso del antioxidante NAC. 

El uso de SFN debe considerarse con precaución debido a su mecanismo de acción, 

el cual puede incrementar el riesgo de interacción entre drogas.  

 

- El uso de modelos in vitro que consisten en cultivos multi-celulares con células 

hepáticas y PBMC son más adecuados que los de un solo tipo celular, para realizar 

estudios in vitro sobre los mecanismos que desencadena la toxicidad en el hígado. 

 

- La reducción de la expresión de TNF-α y IL-8, con el incremento de IL-10 demuestra 

el efecto inmunosupresor del MDMA. Aparentemente, PPARα contribuye 

parcialmente al detrimento inmunológico observado en las células hepáticas. 
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Figura 11.1: Contribuciones en esta tesis. El principio activo (PA) contenido en cada pastilla 

usada para realizar esta tesis se ve reflejado por cada uno de los nombres (ver figura). El éxito fué 

extrictamente dependiente del PA de cada pastilla (n= 153 clases de pastillas). La cantidad necasaria de 

cada pastilla esta relacionada su contribución y aportación en la tesis. La concentración de cada PA 

(tiempo/paciencia) se valoraron continuamente. Existe una correlación entre la máxima concentración 

hayada de cada principio activo (PAmax), con la dosis consumida durante este periodo. Todos y cada 

uno de los 153 principios activos (n = 153 PA) usados hicieron possible la finalización de esta tesis. 
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Figure 11.1: Thesis’s contributions. The active compound (AC) content of each pill used to 

gather this thesis is reflected by their specific names (see figure). The success was strictly dependent on 

the AC of each pill (n = 153 types of pill). The contribution and input of the individual pills were related 

to their dose needed. The AC concentrations (time/patient) were valued continuously. The relationship 

between active compound maximum concentration (ACmax) and the cumulative AC doses consumed 

by this period were correlated. The use of all the 153 active compounds (n = 153 AC) remarkably 

mediated this thesis’ detectable end. 



Acknowledgements 

 

 162 

 

 


