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a  b  s  t  r  a  c  t

Liver  toxicity  is  one  of  the  consequences  of  ecstasy  (3,4-methylenedioxymethamphetamine  MDMA)
abuse  and  hepatocellular  damage  is  reported  after  MDMA  consumption.  Various  factors  probably  play  a
role  in  ecstasy-induced  hepatotoxicity,  namely  its  metabolism,  the increased  efflux  of  neurotransmitters,
the  oxidation  of  biogenic  amines,  and hyperthermia.  MDMA  undergoes  extensive  hepatic  metabolism
that  involves  the production  of  reactive  metabolites  which  form  adducts  with  intracellular  nucleophilic
sites.  MDMA-induced-TNF-! can  promote  multiple  mechanisms  to initiate  apoptosis  in hepatocytes,
activation  of  pro-apoptotic  (BID,  SMAC/DIABLO)  and  inhibition  of  anti-apoptotic  (NF-"B,  Bcl-2)  proteins.
The  aim  of  the  present  study  was  to obtain  evidence  for the  oxidative  stress  mechanism  and  apoptosis
involved  in  ecstasy-induced  hepatotoxicity  in  rat  liver  after  a single  20 mg/kg,  i.p.  MDMA  administra-
tion.  Reduced  and  oxidized  glutathione  (GSH  and  GSSG),  ascorbic  acid  (AA),  superoxide  dismutase  (SOD),
glutathione  peroxidase  (GPx),  glutathione  reductase  (GR)  and  malondialdehyde  (MDA),  an  indicator  of
lipid  peroxidation,  were  determined  in rat  liver  after  3 and 6 h  after  MDMA  treatment.  The effect of
a  single  MDMA  treatment  included  decrease  of GR and  GPx  activities  (29%  and  25%,  respectively)  and
GSH/GSSG  ratio  (32%)  with  an  increase  of  MDA  (119%)  after  3 h  from  ecstasy  administration  compared
to  control  rats.  Liver  cytosolic  level  of  AA  was  increased  (32%)  after  6 h  MDMA  treatment.  Our  results
demonstrate  a strong  positive  reaction  for TNF!  (p < 0.001)  in  hepatocytes  and  a  diffuse  apoptotic  pro-
cess  in  the liver  specimens  (p <  0.001).  There  was  correlation  between  immunohistochemical  results  and
Western  blotting  which  were  quantitatively  measured  by  densitometry,  confirming  the  strong  positiv-
ity  for  TNF-! (p  < 0.001)  and  NF-"B  (p  <  0.001);  weak  and intense  positivity  reactions  was  confirmed  for
Bcl-2,  SMAC/DIABLO  (p < 0.001)  and  BID  reactions  (p <  0.001).

The  results  obtained  in the  present  study  suggest  that MDMA  induces  loss  of  GSH homeostasis,
decreases  antioxidant  enzyme  activities,  and  lipoperoxidation  that  causes  an oxidative  stress  that  accom-
paines the  MDMA-induced  apoptosis  in liver  cells.

© 2011 Elsevier Ltd. All rights reserved.
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TNF-!,  tumor necrosis factor !; TRADD, TNFRSF1A-associated via death domain/tumor necrosis factor receptor type 1-associated DEATH domain protein; TRAF-2, TNF
receptor-associated factor 2; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labelling.
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1. Introduction

Hepatotoxicity is one of the medical consequences of 3,4-
methylenedioxymethamphetamine (MDMA) consumption and
hepatocellular damage has been reported after MDMA administra-
tion [1,2]. However, some aspects of the pathogenesis associated
with MDMA  elicited hepatic injury remain unclear [3].  Various
factors probably play a role in MDMA-induced hepatotoxicity,
namely its metabolism, the increased efflux of neurotransmitters,
the oxidation of biogenic amines, and hyperthermia [4].  Potentia-
tion of MDMA-toxicity upon freshly isolated mouse hepatocytes,
elicited by hyperthermia MDMA-induced, has been reported by
Carvalho [5].  Hyperthermia potentiated MDMA-induced depletion
of GSH, production of lipid peroxidation and loss of cell viability
up to 90–100%. Studies demonstrate that even the single admin-
istration of MDMA  can significantly alter the cellular antioxidant
defence system in such a way as to induce cardiac oxidative stress
[3]. Beitia et al. [2] examined the effects of single and repeated
administration of MDMA  on rat liver. After acute MDMA admin-
istration, no significant changes in lipid peroxidation and hepatic
GSH content and liver antioxidant enzymes (GPx, GR, SOD, GST,
CAT) were observed whereas multiple MDMA  administration pro-
duced some evidence of oxidative stress, namely, increased lipid
peroxidation and decreased GSH content and GPx activity. In con-
trast Ninković et al. [6] showed an oxidative stress state much
more expressed after the single administration of MDMA. Despite
the well-established role of increased oxidative/nitrosative stress
in MDMA-induced liver damage [7–11], the underlying mecha-
nisms by which increased oxidative stress causes liver damage
is still poorly understood. Investigations into the role of GSH in
modulating apoptotic signaling suggest that cellular redox changes
following enviromental stress induced by citotoxic agents may
be modulated not only by the generation of ROS but also by the
extrusion of GSH from cells [12]. There are reports suggesting
that oxidative stress is involved in the induction of programmed
cell death in some systems. Montiel-Duarte et al. [9] showed that
MDMA  induces apoptosis of primary rat hepatocytes and of a cell
line of rat hepatic stellate cells (HSC) and the role played by oxida-
tive stress in the apoptotic death of HSC elicited by MDMA.  These
authors concluded that MDMA  induces programmed cell death on
HSC and this effect is accompanied by oxidative stress. Carvalho
et al. [13] evaluated the effects of two main MDMA  metabo-
lites, MDA  and !-methyldopamine (!-MeDA) and the effect of
MDMA  and one of its metabolites N-methyl-!-methyldopamine
(N-Me-!-MeDA) in freshly isolated rat hepatocytes. The results
obtained in this study suggest that the metabolism of MDMA  into
highly reactive catechol-metabolites is one of the main causes of
MDMA-induced hepatotoxicity in vivo. The authors also evaluated
the ability of antioxidants, namely ascorbic acid and N-acetyl-l-
cysteine, to prevent N-Me-!-MeDA-induced toxic injury, using
freshly isolated rat hepatocytes The results showed that admin-
istration of antioxidants prevented N-Me-!-MeDA toxicity. Thus,
it can be postulated that the metabolism of MDMA  and 3,4-
methylenedioxyamphetamine, resulting in the formation of the
highly reactive compounds N-Me-!-MeDA and !-MeDA, respec-
tively, is one of the main causes of their hepatotoxic effects. The
toxic effects are characterized by a loss of GSH homeostasis due to
conjugation of GSH with N-Me-!-MeDA and !-MeDA, decreases
in the antioxidant enzyme activities, and cell death. Recent evi-
dence has suggested apoptosis as contributing to MDMA  toxicity,
this raises two major possibilities, which are considered in this
report: (1) MDMA  might induce apoptosis by causing intracellu-
lar stress, and/or (2) MDMA  might increase the susceptibility to
apoptosis induced by the extrinsic pathway. One possible mecha-
nism for the latter would be the depletion of reduced glutathione
(GSH), which has been suggested in some studies to sensitize to

tumor necrosis factor (TNF-!)-induced cell death [14]. In hepato-
cytes GSH depletion has been shown to induce apoptosis by itself
or to sensitize the cells towards TNF-!-induced apoptosis, and the
effect of some anti-apoptotic agents has been demonstrated to be
mediated by stabilizing the GSH pool [9].  GSH depletion might
influence other redox-sensitive steps in the apoptosis cascade, such
as enhanced opening of the mitochondria permeability pore or
increased ceramide production or other signaling steps.

In the present work, we studied the role played by oxida-
tive stress in the apoptotic response caused by MDMA in rat
liver after a single 20 mg/kg i.p. dose. Reduced and oxidized
glutathione (GSH and GSSG), ascorbic acid (AA), superoxide dis-
mutase (SOD), glutathione peroxidase (GPx), glutathione reductase
(GR) and malondialdehyde (MDA), an indicator of lipid peroxi-
dation, were determined in rat liver after 3 and 6 h after MDMA
treatment. MDMA-induced-TNF-! can promote multiple mecha-
nisms to initiate apoptosis in hepatocytes, so we performed an
immunoistochemical study and a Western blot analysis to evalu-
ate cell apoptosis and to measure activation of pro-apoptotic (BID,
SMAC/DIABLO) and inhibition of anti-apoptotic (NF-"B, Bcl-2) pro-
teins [15].

2. Materials and methods

The experimental procedures followed the “Principles of Labo-
ratory Animal Care” (NIH publication no. 85-23, revised 1996) and
were approved by the University of Siena Committee for animal
experiments.

2.1. Animal model and experimental protocol

For the evaluation of oxidative stress, three groups of seven male
albino rats (Wistar, Charles River) weighing 200–250 g were used
to analyse the effect of MDMA  administration (20 mg/kg, i.p.) on
rat’s liver. After treatment, animals were sacrificed by decapita-
tion at the following times: group I, 3 h; group II, 6 h; group III,
control group. Liver samples were used to determine the biochemi-
cal parameters of oxidative stress. Animal model and experimental
protocol for the evaluation of histopathological examination: 50
male albino rats (Wistar; Charles River) weighing 200–250 g were
used to analyse the effect of MDMA  administration (20 mg/kg, i.p.)
on rat liver. After treatment, animals were sacrificed by decapita-
tion at the following times: group I (14 rats) after 24 h of which
2 died spontaneously within 4 h after administration of MDMA,
group II (14 rats) after 16 h, group III (14 rats) after 6 h and control
group of eight animals was treated with saline i.p.; control group
was sacrificed at the following times: 2 rats 6 h after treatment, 2
rats 16 h after treatment, and 4 rats 24 h after treatment. The plasma
concentration of MDMA  and the metabolite methylenedioxyam-
phetamine was  carried out on 25 rats, each weighing 200–250 g,
divided into three groups of seven animals each treated with MDMA
20 mg/kg, i.p.: group I sacrificed 6 h after treatment; group II sac-
rificed 16 h after treatment; and group III sacrificed 24 h after
treatment of which 2 died spontaneously within 4 h after admin-
istration of MDMA.  One control group of four animals was treated
with saline i.p. and sacrificed: 1 rat 6 h after treatment, 1 rat 16 h
after treatment, and 2 rats 24 h after treatment were used for tox-
icological analysis. Plasma samples obtained after the treatments
were stored at #80 $C until gas chromatography/mass spectroscopy
(GC–MS) analysis.

2.2. Biochemical analysis

2.2.1. Oxidative stress evaluation
The livers of the treated and control animals were immediately

dissected and then frozen at #80 $C. Concentrations of GSH and
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GSSG, MDA  and AA levels and of SOD, GPx and GR enzymatic activ-
ities were determined as follows.

2.2.2. GSH/GSSG and protein determination
Liver tissue was homogenised in ethylenediaminetetraacetic

acid (EDTA) K+ phosphate buffer, pH 7.4 (1:3, w/v) at 0 $C and
1 ml  aliquots of the samples were added to an equal volume of
25% trichloroacetic acid (TCA). After centrifugation at 2000 % g for
15 min  (0 $C), the supernatant was washed with diethyleter. The
levels of total GSH were measured using an enzyme-recycling assay
based on the colorimetric reaction of GSH with DTNB in the pres-
ence of excess glutathione reductase and NADPH. The formation
of the TNB chromophore was followed spectrophotometrically at
405 nm.  Total GSH was analysed as described by Tietze [16], and
GSSG was determined according to Griffith’s method [17]. In the
remaining aliquot, proteins were assayed according to the method
of Lowry [18].

2.2.3. GPx, GR and SOD assessment
To measure cytosolic enzyme activity, the liver samples were

homogenised in 6 vols of cold 0.25 M sucrose in 0. 1 M K+-phosphate
buffer pH 7.4. [19]. The homogenates were centrifuged at 40,000 % g
for 20 min  at 4 $C and the supernatants were used for GPx and GR
assays. GPx activity was measured using hydrogen peroxide and
the rate of disappearance of NADPH was recorded spectrophoto-
metrically (340 nm)  at 37 $C according to Paglia and Valentine [20].
GR activity was analysed as described by Goldberg and Spooner
[21]. GR is highly specific for GSSG, the reaction forming GSH is
strongly favoured and catalytic activity is measured spectrophoto-
metrically at 340 nm following the decrease in adsorbance due to
the oxidation of NADPH.

Total SOD (Cu/Zn superoxide dismutase and Mn  superoxide
dismutase) was assayed by spectrophotometric method based
on the inhibition of a superoxide-induced NADH oxidation
according to Paoletti et al. [22]. The tissue extract was  first
prepared by homogenising the liver tissue in 3 vols of 25 nM
triethanolamine–diethanolamine buffer, pH 7.4 and then cleared
by centrifugation at 40,000 % g for 60 min  at 4 $C. The supernatant
was dialysed against a cold homogenisation buffer and then used
for enzyme assays. The cytosolic protein concentration was deter-
mined using the Lowry method with BSA as standard [18].

2.2.4. MDA  assessment
The extent of lipid peroxidation in the rat liver was esti-

mated by calculation of MDA  levels with a high-performance
liquid chromatography method. Samples were homogenised in
0.04 M K+-phosphate buffer (pH 7.4) containing 0.01% butylhydrox-
ytoluene (BHT) (1:5 (w/v), 0 $C) to prevent artifactual oxidation of
polyunsaturated free fatty acids during the assay. This homogenate
was deproteinized with acetonitrile (1:1) and then centrifuged at
3000 % g for 15 min.

The supernatant was utilized for MDA  HPLC analyses, after
derivatisation with 2,4 ninitrophenylhydrazine, as described by
Shara et al. [23].

2.2.5. AA assay
Liver tissues were homogenised in EDTA-K+ phosphate buffer

pH 7.4 (1:4, w/v) at 0 $C and analysed as described by Ross [24].
Samples (0.6 ml)  were added to an equal volume of 10% (w/v)
metaphosphoric acid and immediately centrifuged at 2000 % g at
0 $C for 10 min. Ascorbic acid was determined with a simple method
by reversed-phase HPLC using an ion-pairing reagent with UV
detection at 262 nm.

2.3. Morphological examination

The livers of treated and control animals were removed,
weighed and 100 mg  were immediately frozen to perform Western
blot analysis, the remaining part of the liver fixed in 10% buffered
formalin for 48 h, then embedded in paraffin. Paraffin embedded
tissue specimens of livers were sectioned at 4 #m and stained
with haematoxylin and eosin, Masson trichrome stain; Von Kossa
histochemical reaction was  also used. In addition, immunohisto-
chemical investigation of liver samples was performed with an
antibody anti NF-"B (nuclear factor kappa-light-chain-enhancer of
activated B cells), TNF-! (tumor necrosis factor alfa), Bcl-2 (B-cell
lymphoma 2), SMAC/DIABLO (second mitochondria-derived acti-
vator of caspases/direct IAP binding protein with low PI), BID (a
BH3 domain-containing proapoptotic Bcl-2 family) and apoptosis
with TUNEL assay. We  used 3 #m-thick paraffin sections mounted
on slides covered with 3, amminopropyl-triethoxysilane (Fluka,
Buchs, Switzerland). A pre-treatment was necessary to facilitate
antigen retrieval and to increase membrane permeability to anti-
bodies: for NF-"B (Santa Cruz, CA, USA), boiling 0.25 M EDTA buffer;
for TNF-! (Santa Cruz, CA, USA), Bcl-2 (Millipore–Upstate, Temec-
ula, CA, USA), SMAC/DIABLO (Millipore–Chemicon, Temecula, CA,
USA) and BID (Millipore–Chemicon, Temecula, CA, USA) boiling
in 0.1 M citric acid buffer. For TUNEL assay (Millipore–Chemicon,
Temecula, CA, USA) we used TdT enzyme: the sections were
immerged in proteinase K (20 #g/ml of TRIS) for 15 min  at 20 $C.
The primary antibody was applied in a 1:50 ratio for NF-"B, BID and
Bcl-2, in a 1:100 ratio for SMAC/DIABLO, in a 1:600 ratio for TNF-
!. The incubation of primary antibody was  for 120 min  at 20 $C.
For TUNEL assay the sections were covered with the TdT enzyme,
diluted in a ratio of 30% in reaction buffer (Apotag Plus Peroxidase In
Situ Apoptosis Detection Kit, Chemicon) and incubated for 60 min
at 38 $C. The detection system utilized was the LSAB+kit (Dako), a
refined avidin–biotin technique in which a biotinylated secondary
antibody reacts with several peroxidase-conjugated streptavidin
molecules. The positive reaction was visualized by 3,3 diaminoben-
zidine (DAB) peroxidation, according to standard methods. Then,
the sections were counterstained with Mayer’s Haematoxylin,
dehydrated, cover-slipped and observed under a Leica DM4000B
optical microscope (Leica, Cambridge, UK). The samples were also
examined under a confocal microscope, and a three-dimensional
reconstruction was  performed (True Confocal Scanner; Leica TCS
SPE).

For semiquantitative analysis, slides were scored in a blinded
manner by two  observers (M.N., I.R.). Staining pattern within each
sample was  categorized as absent (#), weak (+), moderate (++),
intense (+++) or strong (++++). Statistical analyses were performed
using the Student’s t-test and p < 0.05 was considered statistically
significant.

2.4. Western blot analysis

The livers of treated and control animals were removed,
weighed and 100 mg  were immediately frozen to perform West-
ern blot analysis. Approximately 100 mg  of liver frozen tissue
was dissected and transferred to RIPA buffer (Sigma, Eugene, OR,
USA) with protease inhibitor cocktail (Sigma) and homogenised on
ice utilizing homogeniser SilentCrusher (Sigma). The homogenate
was centrifuged (12,000 rpm for 10 min  at 4 $C). The supernatant
was collected, estimated by Bradford method [25], and it was
boiled for 5 min, at 95 $C. Liver total protein extracts (approxi-
mately 40 #g/lane) were run on 12 percent SDS PAGE at 80 V for
about 2.5 h. For Western blot, proteins from SDS gels were elec-
trophoretically transferred to nitrocellulose membranes in mini
trans blot apparatus (Bio-Rad laboratories, Hercules, CA, USA)
(1 h at 250 mA). Non-specific binding was  blocked by incubat-
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Table 1
Effect of MDMA  (ecstasy) exposure (20 mg/kg, i.p.) on hepatic antioxidant cellular systems.

Control 3 h 6 h

SOD (U/mg protein) 19.40 ± 6.406 19.34 ± 5.188 16.95 ± 5.375
GPx  (U/mg protein) 184.30 ± 25.545 137.94 ± 19.157a 172.33 ± 42.120
GR  (U/mg protein) 77.52 ± 8.000 55.25 ± 11.859b 79.27 ± 12.119c

MDA  (nmol/g tissue) 0.76 ± 0.371 2.38 ± 0.675b 0.49 ± 0.246d

AA (#mol/g tissue) 0.93 ± 0.089 0.92 ± 0.302 1.23 ± 0.270a

GSH/GSSG 13.45 ± 1.776 9.14 ± 1.654a 14.04 ± 1.978

Values are presented as the mean ± SD of seven rats.
a p < 0.05 compared with control group.
b p < 0.01 compared with control group.
c p < 0.05, 3 h vs 6 h.
d p < 0.001, 3 h vs 6 h.

ing membranes in Western blocker solution (Sigma) for 1 h at
room temperature. The membranes were incubated with pri-
mary antibodies NF-"B (Santa Cruz, CA, USA), TNF-! (Santa
Cruz, CA, USA), Bcl-2 (Millipore–Upstate, Temecula, CA, USA),
SMAC/DIABLO (Millipore–Chemicon, Temecula, CA, USA) and BID
(Millipore–Chemicon, Temecula, CA, USA) diluted in Western
blocker solution, in 1:500 ratio, overnight at 4 $C. Blots were
washed with PBS/Tween-20 and then incubated for 1 h at room
temperature with HRP-conjugated secondary antibodies diluted
in Western blocker solution, in 1:2000 ratio. Membranes were
washed with PBS/Tween-20 and the immune reaction was devel-
oped in Immunostar Kit Western C (Bio-Rad laboratories) and then
visualized by chemiluminescent detection methods. The light is
then detected by photographic film. The image was  analysed by
UVITEC (Cambridge, United Kingdom), which detects the chemilu-
minescent blots of protein staining, which were then quantitatively
measured by densitometry.

2.5. GC–MS analysis of MDMA and
3,4-methylenedioxyamphetamine

MDMA  and 3,4-methylenedioxyamphetamine were analysed
according to GC–MS method described by Peters et al. [26]. The ana-
lytes were analysed by gas chromatography/mass spectrometry in
the selected-ion monitoring mode after mixed-mode solid-phase
extraction (HCX) and derivatisation with heptafluorobutyric anhy-
dride. The method was fully validated according to international
guidelines. It was linear from 5 to 1000 #g l#1 for all analytes. The
limit of quantification was 5 #g l#1 for all analytes.

2.6. Statistical analysis

The data relative to oxidative stress evaluation represent the
mean ± SD obtained from seven animals. Statistical analyses were
performed using the Student’s t-test and p < 0.05 was considered
statistically significant.

3. Results

3.1. Enzymatic and non-enzymatic antioxidant cellular defence
system evaluation

To determine the degree of oxidative stress in MDMA-treated
rat liver, the levels of lipid peroxidation and ascorbic acid, antiox-
idant enzymes activities and GSH/GSSG ratio were measured and
the results are showed in Table 1. The level of MDA, an indicator
of lipid peroxidation, was significantly elevated 119% after 3 h in
MDMA-exposed rats compared to control rats. Liver cytosolic level
of AA was increased 32% after 6 h MDMA  treatment. The enzymatic
activity of GR and GPx were decreased 29% and 25%, respectively
in MDMA-exposed rats compared to controls after 3 h from MDMA

administration. Furthermore, the GSH/GSSG ratio an indicator of
oxidative stress decrease of 32% following MDMA treatment.

3.2. Morphologic findings

The microscopic evaluation of the sections stained with H&E
and thrichromic stains revealed the following (Fig. 1): group I
(24 h): small foci of necrosis, sinusoidal dilatation with presence
of acidophilic body and ballooning degeneration of hepato-
cytes. Microvesicular fatty changes in preserved hepatocytes were
observed in periportal areas; group II (16 h): cytoplasmic hyper-
eosinophilia and mild ballooning degeneration of hepatocytes;
group III (6 h): moderate initial cytoplasmic hyper-eosinophilia.
The immunohistochemical study of the samples, for each antibody
studied, revealed the following (Table 2):

Anti-TNF-˛. Anti-TNF-! did provide a weak positive reaction in
the liver of rats sacrificed after 24 h (group III); the other samples
showed a constant strong positivity for each group (16 and 6 h)
and in 2 rats died spontaneously within 4 h after administration
of MDMA  (Fig. 2).
Anti-NF-!B. We  found a strong positive reaction to the NF-"B. In
detail, we reveal that (1) group I (24 h) had a strong positive reac-
tion, particularly in periportal areas; (2) group II (16 h) had an
intense and uniform positive reaction in periportal areas; (c) group
III (6 h) had a weak positive reaction.
SMAC/DIABLO. A moderate positivity located in periportal areas
was revealed only for rats of group I (24 h). A weak positivity was
noted in groups II and III.
Bcl-2. Weak positivity was observed in group II (16 h) and, gradu-
ally increasing as moderate, in the rats sacrificed after 24 h (group
I).
BID. Intense hepatocytes positive reaction was observed in the
groups I and II; a moderate reaction interested the periportal areas
of the group III.
Apoptosis (TUNEL). Hepatocytes nuclei labelled by TUNEL assay
showed an intense, wide, positive reaction in group I (24 h), a

Table 2
Semiquantitative analysis of the immunohistochemical study for each antibody
studied. Staining pattern was categorized as absent (#), weak (+), moderate (++),
intense (+++) or strong (++++).

Control 6 h 16 h 24 h Dead 4th h

TNF-! # ++++a ++++a +a ++++
NF-"B  # +a +++a ++++a ++
Apoptosis +/# +a ++a +++a #
SMAC/DIABLO # +a +a ++a +
Bcl-2 # #b +a ++a #
BID +/# ++a +++a +++a ++

Values are presented as the mean ± SD of fourteen rats each group.
a p < 0.001 compared with control group.
b Not significative.
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Fig. 1. (A) Group III (6 h): moderate initial cytoplasmic hyper-eosinophilia (100%). (B) Group II (16 h): cytoplasmic hyper-eosinophilia and mild microvesicular fatty changes
in  preserved hepatocytes were observed in periportal areas (200%). (C) Group I (24 h): small foci of necrosis, sinusoidal dilatation with presence of acidophilic body and
ballooning degeneration of hepatocytes (60%). (D) Control group (200%).

moderate scattered reaction in group II (16 h) and spotted pos-
itive hepatocytes nuclei in group III (6 h). In order to obtain the
determination of the fraction of hepatocytes nuclei labelled by
TUNEL, the number of hepatocytes nuclei per unit area of tis-
sue was determined by counting an average of 10 fields, 1.4 mm2

each, at a magnification of 10% in each area of liver sampled. The
percentage of apoptotic hepatocytes nuclei was determined. The
immunohistochemical study revealed an intensive positive result
to TUNEL assay (Fig. 3): approximately 3 ± 1 group III; 6 ± 2 group
II; 38 ± 18% group I apoptotic cells were observed.

3.3. Western blotting

To confirm the findings on immunohistochemical analysis,
Western blot analysis was applied to protein extracts from sam-
ples of frozen tissue from rat’s liver. Both cytoplasmic and nuclear
extracts were prepared from equal amounts of liver samples
subjected to immunoblot analysis with TNF-!, NF-"B, Bcl-2,
SMAC/DIABLO and BID antibodies. There was correlation between

immunohistochemical results and Western blotting which were
quantitatively measured by densitometry, confirming the strong
positivity for TNF-! and NF-"B (Fig. 4); weak and intense positivity
reactions was confirmed for Bcl-2, SMAC/DIABLO and BID reactions
(Fig. 5).

3.4. MDMA plasma levels

The MDMA  plasma levels decreased dramatically with respect
to the values detected during the first 6 h after i.p. administration;
in rats that died after 4 h, concentrations were similar to those
observed at hour 6 (Table 3).

4. Discussion

The presented results showed that under our experimental
conditions, MDMA  induces oxidative stress and hepatocellu-
lar damage. The alteration of the antioxidant defence system
starts from the early hours (acute phase or reversible) with a

Table 3
MDMA and 3,4-methylenedioxyamphetamine: mean and standard deviation of the plasma levels.

Groups Total rats MDMA  mcg/ml
mean

MDMA  standard
deviation

3,4-Methylenedioxyamphetamine
mcg/ml mean

3,4-Methylenedioxyamphetamine
mcg/ml standard deviation

(6 h) 7 0.416 0.2112 0.036 0.0152
(16  h) 7 0.139 0.0390 0.014 0.0046
(24  h) 7 0.023 0.0082 Not detected Not valuable
Control 4 Not detected Not valuable Not detected Not valuable
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Fig. 2. Confocal laser scanning microscopy. Representative photomicrograph of immunohistochemistry for strong reactions in group II (16 h) to TNF-! (A) and in group I
(24  h) to NF-"B (B); intense immunoreaction in group II (16 h) to BID (C) and weak in group II (16 h) to SMAC/DIABLO (D).

subsequent gradual increase, thus giving relief not only to the
formation of free radicals but also with regard to the MDMA
metabolites in determining hepatic toxicity. Our results demon-
strate a strong positive reaction for TNF! in hepatocytes (p < 0.001)
and a diffuse apoptotic process in the liver specimens (p < 0.001).
There was correlation between immunohistochemical results and
Western blotting which were quantitatively measured by densit-
ometry, confirming the strong positivity for TNF-! (p < 0.001) and
NF-"B (p < 0.001); weak and intense positivity reactions was con-
firmed for SMAC/DIABLO (p < 0.001) and BID reactions (p < 0.001).

Few studies have so far examined the effects of MDMA  on mark-
ers of hepatic damage or on the possible morphological markers
indicative of MDMA-induced liver damage and their expression
history. In our study, to obtain evidence for the oxidative stress
mechanism involved in MDMA-induced hepatotoxicity in rat, we
administered high single dose of MDMA.  The results obtained con-
firmed the role of oxidative stress in liver toxicity: in fact, MDA, the
reaction product of lipid peroxidation, was increased in MDMA-
exposed rats showing a peroxidative damage. Furthermore, the
antioxidant GR and GPx activities and the GSH/GSSG ratio sig-
nificantly decreased following 3 h MDMA  treatment indicating an
impair on antioxidant cellular defence system; in fact, not only the
GSH itself but also the GSH redox cycle, catalysed by the enzyme
GPx, could contribute to radical scavenging. After 6 h the GSH/GSSG
ratio return to control value probably for the sparing effect of AA,
that is significantly increased, on GSH level. Our morphologic data
confirming MDMA-induced-TNF-! can promote multiple mech-
anisms to initiate apoptosis in hepatocytes, which leads to the
subsequent liver injury (Fig. 6). We  demonstrated that an ini-

tial cell stress is produced through a wide range of mechanisms
including depletion of GSH that alters the susceptibility of hepato-
cytes to TNF-! [27]. Reactive metabolites or parent drugs uncouple
or inhibit the mitochondrial respiratory chain causing mitochon-
drial permeability transition (MPT), i.e. opening of the “MPT pore”
located in their inner membrane. Subsequent activation of pro-
apoptotic (e.g. BID, SMAC/DIABLO) and inhibition of anti-apoptotic
(e.g. NF-"B) proteins of the Bcl-2 family then activates MPT  [28].
Impaired mitochondrial function and energy production leads to
apoptotic or necrotic cell death. However, among all the apoptotic
pathways, it appears that the mitochondria are the central exe-
cutioner for TNF-!-induced hepatocyte apoptosis since it seems
that all the signaling events are directly or indirectly targeting to
the mitochondria. ROS can play significant roles in promoting apo-
ptosis. ROS can be generated in the endoplasmic reticulum, and
nuclear and plasma membranes. But mitochondria are the predom-
inant source of ROS. Depletion of reduced glutathione can sensitize
cultured mouse hepatocytes to TNF-! induced cell death in the
absence of transcription inhibitor, suggesting that ROS play a criti-
cal role in TNF-!-induced-liver injury [29].

Previous studies indicated that the liver, as well as the
brain, may  be an important target organ of MDMA  in humans,
because the drug was responsible for a relatively high num-
ber of cases of acute hepatic failure in young people who
abused it [30–32].  The metabolism of MDMA  involves N-
demethylation to 3,4-methylenedioxyamphetamine while both
MDMA  and 3,4-methylenedioxyamphetamine are demethylated to
catecholamines, N-methyl-!-methyldopamine (N-Me-!-MeDA)
and !-methyldopamine (!-MeDA) respectively [33,34], that can
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Fig. 3. Confocal laser scanning microscopy: positivity for TUNEL assay, gradually increasing, was  observed in the three groups (nuclear red reaction). A weak positive reaction
was  shown in the rats sacrificed at 6 h (group III) and a moderate reaction 16 h (group II) after treatment. An intense positivity was revealed in the rats sacrificed after 24 h
(group  I).

undergo oxidation to corresponding ortho-quinones. Newly pro-
duced quinones are highly redox-active molecules that can undergo
the following pathways: (a) a redox cycle producing semiquinones
radicals, leading to the generation of ROS or RNS [8,9]; (b) irre-
versible 1,4-intramolecular cyclization with subsequent formation
of aminochromes [35]; (c) conjugation with GSH to form a glu-
tathionyl adduct that can further react with GSH and protein thiols,
leading to GSH depletion [36]; and (d) formation of protein adducts,
leading to inactivation of the target proteins [37].

The resulting depletion of GSH has already been reported after
MDMA  exposure of isolated rat [38] and mouse [5] hepatocytes. It
is suggested that reductive activation of MDMA  by CYP450 and GSH
could lead to generation of biological reactive intermediates which
could reduce the cytosolic oxygen and increase reactive oxygen
species generation that is the main cause of oxidative damage to
both mitochondrial and lysosomal membranes [39]. These events
could finally result in membranes lysis and cellular proteolysis, the
processes that end in cellular death [40]. As an endogenous antiox-
idant, GSH is critical for cellular functions and cell survival. As the
most abundant reducing molecule in the hepatocyte, it maintains
the redox status of the sulfhydryl groups of cellular proteins. As
an important regulator, GSH modulates the signaling cascades and
the susceptibility of cells to different cell death stimuli. Is known
to play a crucial protective role against cellular injury, which is
due to its oxidant neutralizing, lipid peroxidase and/or tocopheryl-
radical regenerating activities [41]. A key aspect of liver injury and
the role of GSH is the response of the hepatocyte to exogenous or
endogenous imposed redox stress, which activates various signal

trasduction and trascriptional pathways. Thus, the extent of expo-
sure to ROS and GSH redox perturbations may  be very critical in
determining pro-survival versus pro-death response and tip the
balance one way  or the other [27]. Thus, GSH depletion may  ren-
der the cells more exposed to the effects of reactive compounds,
ROS and reactive nitrogen species being formed within the cells,
leading to deleterious effects in hepatocytes [7,11].  TNF is a 17-
kDa molecule, which is secreted as a stable homotrimer. In this
form, TNF has a half-life of <30 min  and can be measured in both
the serum and plasma, using either cytotoxic or immunoreactive
assays. The actions of TNF are mediated by its binding to one of
two specific receptors, TNF receptors 1 and 2 (TNFR-1 and -2),
which are expressed on the surface of most cell types [42]. Sev-
eral injurious stimuli which upregulate TNF! production induce
hepatocytes apoptosis, therefore probably counteracting the effects
of the antiapoptotic response. Depletion of reduced glutathione
can sensitize mouse hepatocytes to TNF-!-induced cell death in
the absence of transcription inhibitor, suggesting that ROS play
a critical role in TNF-!-induced-liver injury [30,31]. TNF-! can
induce multiple mechanisms to initiate apoptosis in hepatocytes,
which leads to the subsequent liver injury. Upreti et al., have
demonstrated that MDMA  administration results in oxidative mod-
ifications and inactivation of many cytosolic proteins involved in
a variety of cellular functions: anti-oxidant defence; carbohydrate
metabolism; calcium regulation, etc. Authors also show that MDMA
exposure activates the stress-related cell signaling pathway, acti-
vation of JNK and p38K, and phosphorylation of Bcl-2, possibly
contributing to its inactivation and cell death in MDMA-exposed
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Fig. 4. Western blot experiments with NF-"B, TNF-!, Bcl-2, SMAC/DIABLO and BID antibodies using cytoplasmic and nuclear extracts from rat’s liver of the morphological
rat’s  groups. On the left side NF-"B quantitative expression. On the right side representative blot for each protein (upper) and TNF- quantitative expression (lower).

tissues [43]. The main apoptotic effects of TNF-! are mediated by
the TNF-R1. There are three functional domains within TNF-R1 to
transduce unique intracellular signals by interacting with differ-
ent intracellular adaptor proteins. They are the C-terminal death
domain, the middle A-SMase (acidic sphingomyelinase) activating

domain (ASD) and the N-terminal N-SMase (neutral sphingomyeli-
nase) activating domains (NSD). The death domain can mediate
both the pro-apoptosis and anti-apoptosis pathways, while the
other two  sphingomyelinases pathways mainly modulate apop-
totic and inflammatory responses [3].  One of the unique features of

Fig. 5. Western blotting were quantitatively measured by densitometry using cytoplasmic and nuclear extracts from rat’s liver of the morphological rat’s groups, confirming
the  weak positivity reactions for Bcl-2, SMAC/DIABLO and intense BID reaction.
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Fig. 6. Mechanism of mitochondrial permeability transition (MPT) induction through the depletion of GSH followed the down-regulation of the liver-specific methionine-
adenosyl-transferase type I (MAT1) by acidic sphingomyelinase (A-SMase). MPT  opening or the activation of Bax/Bak results in cytochrome c and SMAC/DIABLO release and
caspase activation. SMAC/DIABLO can relieve the inhibition of IAPs on caspases. If ATP levels are not adequate, caspase-9 cannot be activated despite the release of cytochrome
c.  In this case, mitochondrial dysfunction may  trigger other forms of caspase-independent cell death (e.g. through Ca2+ deregulation and overproduction of ROS). Another
death  pathway is via the TNF receptor-associated factor 2 (TRAF-2) mediated JNK activation, which also leads to the mitochondria activation in hepatocytes. The TNF-R1
activation can also activate the survival pathway mediated by NF-"B, because tumor necrosis factor receptor type 1-associated DEATH domain protein (TRADD) can interact
with  receptor-interacting protein RIP and TRAF2, which work together to activate the IKK complex. This leads to the phosphorylation and degradation of I-"B!, followed by
the  translocation of NF-"B dimers to the nucleus, which transcriptionally activate a number of protective molecules to suppress apoptosis via multiple mechanisms [24].

TNF-!/TNF-R1 signaling is the simultaneous activation of the NF-
"B pathway that can inhibit the TNF-!-induced cell death process.
However, among all the apoptotic pathways, it appears that the
mitochondria are the central executioner for TNF-!-induced hep-
atocyte apoptosis since it seems that all the signaling events are
directly or indirectly targeting to the mitochondria [29]. NF-"B is
a factor activated in response to cellular stress that is involved in
the regulation of apoptosis. Depending on the cell type and the
apoptotic agent, NF-"B has been reported to mediate or prevent
apoptosis. In TNF-! or Fasligand-induced apoptosis most of the
studies, including recent reports on HSC [9,44,45], show that NF-"B
plays a protective role, since its inhibition enhances the cell death
rate or sensitizes cells towards the apoptotic effect of these fac-
tors [9,46,47]. Systemically, MDMA  has been shown to suppress
neutrophil phagocytosis, the production of the pro-inflammatory
cytokines tumor necrosis factor-! (TNF-!)  and interleukin (IL)-1$,
and to increase the production of the endogenous immunosuppres-
sive cytokine (IL-10), thereby promoting an immunosuppressive
cytokine phenotype [48–50].  On the other hand, these studies

contrast with studies focused on the liver, demonstrating that
MDMA-induced hepatotoxicity is associated with hepatic inflam-
matory processes. The transcription factor NF-"B is involved in the
activation of immediate early response genes in response to inju-
rious and inflammatory stimuli, namely by TNF-! [48,51]. It has
been recently shown that a single exposure of CD1 mice to MDMA
resulted in hepatotoxicity, which was associated by the activation
of NF-"B in hepatocytes [52]. However, in models of apoptosis
induced by oxidative stress, NF-"B activation can be pro-apoptotic,
and addition of antioxidants block both the activation of the factor
and apoptotic cell death [53–55].

5. Conclusion

In conclusion, it can be postulated that the metabolism of
MDMA,  resulting in the formation of highly aggressive compounds
that cause depletion of antioxidant defence and may  produce irre-
versible hepatic cellular injury, is one of the causes of liver toxicity
[56]. We  have demonstrated that MDMA  administration results in
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oxidative modifications of mitochondrial proteins contributing to
increased oxidative stress and mitochondrial dysfunction, leading
to MDMA-mediated liver damage [43]. Apoptosis is an essential fea-
ture contributing to liver injury ranging from acute to chronic liver
diseases. It is unlikely that TNF-! casts a single effect in hepato-
cytes apoptosis [48,57]. The evidence gathered in this study clearly
shows that multiple pathways could be activated in TNF-!-induced
apoptosis in hepatocytes.
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methylenedioxyamphetamine-induced hepatotoxicity in rats: oxidative stress
after acute and chronic administration. Vojnosanit Pregl 2004;61(2):125–31.

[7] Carvalho M,  Milhazes N, Remião F, Borges F, Fernandes E, Amado F, et al. Hep-
atotoxicity of 3,4-methylenedioxyamphetamine and alpha-methyldopamine
in  isolated rat hepatocytes: formation of glutathione conjugates. Arch Toxicol
2004;78(1):16–24.

[8]  Bolton JL, Trush MA,  Penning TM,  Dryhurst G, Monks TJ. Role of quinones in
toxicology. Chem Res Toxicol 2000;13(3):135–60.

[9] Montiel-Duarte C, Ansorena E, López-Zabalza MJ,  Cenarruzabeitia E, Iraburu
MJ.  Role of reactive oxygen species, glutathione and NF-kappaB in apopto-
sis  induced by 3,4-methylenedioxymethamphetamine (“ecstasy”) on hepatic
stellate cells. Biochem Pharmacol 2004;67(6):1025–33.

[10] Moon KH, Upreti VV, Yu LR, Lee IJ, Ye X, Eddington ND, et al. Mechanisms
of  3,4-methylenedioxymethamphetamine (MDMA, ecstasy)-mediated mito-
chondrial dysfunction in rat liver. Proteomics 2008;8(18):3906–18.

[11] Fiaschi AI, Cerretani D. Causes and effects of cellular oxidative stress as a result
of MDMA abuse. Curr Pharm Biotechnol 2010;11(5):444–52.

[12] Ghibelli L, Coppola S, Rotilio G, Lafavia E, Maresca V, Ciriolo MR.  Non-oxidative
loss  of glutathione in apoptosis via GSH extrusion. Biochem Biophys Res Com-
mun  1995;2:313–20, 216(1).

[13] Carvalho M,  Remião F, Milhazes N, Borges F, Fernandes E, Carvalho F, et al.
The  toxicity of N-methyl-alpha-methyldopamine to freshly isolated rat hep-
atocytes is prevented by ascorbic acid and N-acetylcysteine. Toxicology
2004;200(2–3):193–203.

[14] Nagai H, Matsumaru K, Feng G, Kaplowitz N. Reduced glutathione depletion
causes necrosis and sensitization to tumor necrosis factor-!–induced apoptosis
in  cultured mouse hepatocytes. Hepatology 2002;36:55–64.

[15] Fineschi V. MDMA  (ecstasy) toxicity: pharmacolinetic, metabolism,
cell response and pathological consequences. Curr Pharm Biotechnol
2010;11(5):411–2.

[16] Tietze F. Enzymatic method for quantitative determination of nanogram
amounts of total and oxidized glutathione: applications to mammalian blood
and other tissues. Anal Biochem 1969;27(3):502–22.

[17] Griffith OW.  Determination of glutathione and glutathione disulfide using glu-
tathione reductase and 2-vinylpyridine. Anal Biochem 1980;106(1):207–12.

[18] Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the
Folin phenol reagent. J Biol Chem 1951;193(1):265–75.

[19] Whanger PD, Butler JA. Effects of various dietary levels of selenium as selen-
ite  or selenomethionine on tissue selenium levels and glutathione peroxidase
activity in rats. J Nutr 1988;118(7):846–52.

[20] Paglia DE, Valentine WN.  Studies on the quantitative and qualitative
characterization of erythrocyte glutathione peroxidase. J Lab Clin Med
1967;70(1):158–69.

[21] Goldberg DM,  Spooner RG. Glutathione reductase. In: Bergmeyer J, Grabl M,  edi-
tors. Methods of enzymatic analysis. Deerfield Beach: Chemie; 1983. p. 258–65.

[22] Paoletti F, Aldinucci D, Mocali A, Caparrini A. A sensitive spectrophotomet-
ric method for the determination of superoxide dismutase activity in tissue
extracts. Anal Biochem 1986;154(2):536–41.

[23] Shara MA,  Dickson PH, Bagchi D, Stohs SJ. Excretion of formaldehyde, mal-
ondialdehyde, acetaldehyde and acetone in the urine of rats in response to
2,3,7,8-tetrachlorodibenzo-P-dioxin, paraquat, endrin and carbon tetrachlo-
ride. J Chromatogr 1992;576(2):221–33.

[24] Ross MA.  Determination of ascorbic acid and uric acid in plasma by
high-performance liquid chromatography. J Chromatogr B: Biomed Appl
1994;657(1):197–200.

[25] Bradford MM.  A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein-dye binding. Anal
Biochem 1976;72:248–54.

[26] Peters FT, Schaefer S, Staack RF, Kraemer T, Maurer HH. Screening for
and validated quantification of amphetamines and of amphetamine- and
piperazine-derived designer drugs in human blood plasma by gas chromatog-
raphy/mass spectrometry. J Mass Spectrom 2003;38(6):659–76.

[27] Yuan L, Kaplowitz N. Glutathione in liver diseases and hepatotoxicity. Mol
Aspects Med  2009;30:29–41.

[28] Russmann S, Kullak-Ublick GA, Grattagliano I. Current concepts of mechanisms
in  drug-induced hepatotoxicity. Curr Med  Chem 2009;16(23):3041–53.

[29] Ding WX,  Yin XM.  Dissection of the multiple mechanisms of TNF-alpha-induced
apoptosis in liver injury. J Cell Mol  Med  2004;8(4):445–54.

[30] Jones AL, Simpson KJ. Review article: mechanisms and management of
hepatotoxicity in ecstasy (MDMA) and amphetamine intoxications. Aliment
Pharmacol Ther 1999;13(2):129–33.

[31] Hall AP, Henry JA. Acute toxic effects of “ecstasy” (MDMA) compounds:
overview of pathophysiology and clinical management. Br J Anaesth
2006;96(6):678–85.

[32] Riezzo I, Cerretani D, Fiore C, Bello S, Centini F, D’Errico S, et al.
Enzymatic–nonenzymatic cellular antioxidant defense systems response
and immunohistochemical detection of MDMA,  VMAT2, HSP70, and apo-
ptosis as biomarkers for MDMA  (ecstasy) neurotoxicity. J Neurosci Res
2010;88(4):905–16.

[33] Cho AK, Hiramatsu M, Distefano EW,  Chang AS, Jenden DJ. Stereochemi-
cal  differences in the metabolism of 3,4-methylenedioxymethamphetamine
in vivo and in vitro: a pharmacokinetic analysis. Drug Metab Dispos
1990;18(5):686–91.

[34] Lin LY, Kumagai Y, Cho AK. Enzymatic and chemical demethylenation of
(methylenedioxy)amphetamine and (methylenedioxy)methamphetamine by
rat  brain microsomes. Chem Res Toxicol 1992;5(3):401–6.

[35] Bindoli A, Rigobello MP,  Deeble DJ. Biochemical and toxicological prop-
erties of the oxidation products of catecholamines. Free Radic Biol Med
1992;13(4):391–405.

[36] Hiramatsu M,  Kumagai Y, Unger SE, Cho AK. Metabolism of methylene-
dioxymethamphetamine: formation of dihydroxymethamphetamine and
a  quinone identified as its glutathione adduct. J Pharmacol Exp Ther
1990;254(2):521–7.

[37] Fisher AA, Labenski MT,  Malladi S, Gokhale V, Bowen ME,  Milleron RS, et al.
Quinone electrophiles selectively adduct “electrophile binding motifs” within
cytochrome c. Biochemistry 2007;46(39):11090–100.

[38] Beitia G, Cobreros A, Sainz L, Cenarruzabeitia E. 3,4-
Methylenedioxymethamphetamine (ecstasy)-induced hepatotoxicity:
effect on cytosolic calcium signals in isolated hepatocytes. Liver 1999;19(3):
234–41.

[39] Pourahmad J, Eskandari MR,  Nosrati M, Kobarfard F, Khajeamiri AR. Involve-
ment of mitochondrial/lysosomal toxic cross-talk in ecstasy induced liver
toxicity under hyperthermic condition. Eur J Pharmacol 2010;643(2–3):
162–9.

[40] Rezaei M,  Rasekh HR, Ahmadiani A, Pourahmad J. Involvement of subcellular
organelles in inflammatory pain-induced oxidative stress and apoptosis in the
rat hepatocytes. Arch Iran Med  2008;11(4):407–17.

[41] Di Mascio P, Murphy ME,  Sies H. Antioxidant defense systems: the
role  of carotenoids, tocopherols, and thiols. Am J Clin Nutr 1991;53(1
Suppl):194S–200S.

[42] Fineschi V, Neri M,  Di Padua M, Fiore C, Riezzo I, Turillazzi E. Morphology,
TNFalpha expression and apoptosis in the hearts of patients who died of abdom-
inal compartment syndrome: an immunohistochemical study. Int J Cardiol
2007;116(2):236–41.

[43] Upreti VV, Moon KH, Yu LR, Lee IJ, Eddington ND, Ye X, et al. Increased oxidative-
modifications of cytosolic proteins in 3,4-methylenedioxymethamphetamine
(MDMA, ecstasy)-exposed rat liver. Proteomics 2011;11(2):202–11.

[44] Lang A, Schoonhoven R, Tuvia S, Brenner DA, Rippe RA. Nuclear factor kappaB
in  proliferation, activation, and apoptosis in rat hepatic stellate cells. J Hepatol
2000;33:49–58.

[45] Saile B, Matthes N, El Armouche H, Neubauer K, Ramadori G. The bcl, NFkappaB
and p53/p21WAF1 systems are involved in spontaneous apoptosis and in the
anti-apoptotic effect of TGF-beta or TNFalpha on activated hepatic stellate cells.
Eur J Cell Biol 2001;80:554–61.

[46] Hatano E, Bennett BL, Manning AM,  Qian T, Lemasters JJ, Brenner DA. NF-kappaB
stimulates inducible nitric oxide synthase to protect mouse hepatocytes from
TNF-alpha- and Fas-mediated apoptosis. Gastroenterology 2001;120:1251–62.

[47] Liu H, Lo CR, Czaja MJ.  NF-kappaB inhibition sensitizes hepatocytes to TNF-
induced apoptosis through a sustained activation of JNK and c-Jun. Hepatology
2002;35:772–8.

[48] Carvalho M,  Pontes H, Remiao F, Bastos ML,  Carvalho F. Mechanisms underlying
the hepatotoxic effects of ecstasy. Curr Pharm Biotechnol 2010;11(5):476–95.

[49] Connor TJ. Methylenedioxymethamphetamine (MDMA, ‘ecstasy’): a stressor on
the  immune system. Immunology 2004;111(4):357–67.

[50] Connor TJ, Harkin A, Kelly JP. Methylenedioxymethamphetamine suppresses
production of the proinflammatory cytokine tumor necrosis factor-alpha
independent of a beta-adrenoceptor-mediated increase in interleukin-10. J
Pharmacol Exp Ther 2005;312(1):134–43.

[51] Chen F, Shi X. Signaling from toxic metals to NF-kappaB and beyond:
not just a matter of reactive oxygen species. Environ Health Perspect
2002;110(5):807–11.



Author's personal copy

D. Cerretani et al. / Pharmacological Research 64 (2011) 517– 527 527

[52] Pontes H, Duarte JA, de Pinho PG, Soares ME,  Fernandes E, Dinis-Oliveira RJ,
et  al. Chronic exposure to ethanol exacerbates MDMA-induced hyperthermia
and exposes liver to severe MDMA-induced toxicity in CD1 mice. Toxicology
2008;252(1–3):64–71.

[53] Del Rio MJ,  Velez-Pardo C. Monoamine neurotoxins-induced apoptosis in lym-
phocytes by a common oxidative stress mechanism: involvement of hydrogen
peroxide (H(2)O(2)), caspase-3, and nuclear factor kappa-B (NF-kappaB), p53,
c-Jun transcription factors. Biochem Pharmacol 2002;63:677–88.

[54] Chern CL, Huang RF, Chen YH, Cheng JT, Liu TZ. Folate deficiency-induced
oxidative stress and apoptosis are mediated via homocysteine-dependent
overproduction of hydrogen peroxide and enhanced activation of NF-kappaB
in human Hep G2 cells. Biomed Pharmacother 2001;55:434–42.

[55] Aoki M,  Nata T, Morishita R, Matsushita H, Nakagami H, Yamamoto K,
et al. Endothelial apoptosis induced by oxidative stress through activation
of  NF-kappaB: antiapoptotic effect of antioxidant agents on endothelial cells.
Hypertension 2001;38:48–55.

[56] Custodio JB, Santos MS,  Goncalves DI, Moreno AJ, Fernandes E, Bastos
ML,  et al. Comparative effects of 3,4-methylenedioxymethamphetamine and
4-methylthioamphetamine on rat liver mitochondrial function. Toxicology
2010;270(2–3):99–105.

[57] Song BJ, Moon KH, Upreti VV, Eddington ND, Lee IJ. Mechanisms of MDMA
(ecstasy)-induced oxidative stress, mitochondrial dysfunction, and organ dam-
age. Curr Pharm Biotechnol 2010;11(5):434–43.




