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Abstract

‘‘Ecstasy’’ (3,4-methylenedioxymethamphetamine, MDMA), is a derivative of amphetamine with hepatotoxic effects that has been

shown to induce apoptosis of cultured liver cells. In the present work, we studied the role played by oxidative stress in the apoptotic

response caused by MDMA on a cell line of hepatic stellate cells (HSC). MDMA-treatment provoked oxidative stress determined as

reactive oxygen species (ROS) accumulation and decrease of intracellular reduced glutathione levels. Pre-treatment with the antioxidant

pyrrolidine dithiocarbamate blocked ROS production but did not prevent MDMA-induced apoptosis of HSC. The pro-oxidant menadione

induced in HSC ROS production and apoptosis that were prevented by pyrrolidine dithiocarbamate, showing HSC to be susceptible to

oxidative stress-induced apoptosis. Addition of exogenous GSH or its precursor NAC potentiated the apoptotic action of MDMA but

blocked apoptosis induced by menadione. Pre-treatment of HSC with the cytochrome P450 inhibitor quinine diminished the extent of

apoptosis caused by MDMA, suggesting the involvement of a metabolic derivative of MDMA on its apoptotic effect. Nuclear factor NF-

kB was activated by MDMA in a oxidative stress independent fashion and played a protective role in the apoptotic response, since

inhibition of NF-kB by treatment with parthenolide or by viral infection with a dominant-negative form of NIK (Ad5dnNIK) resulted in an

increase of MDMA-induced cell death. In summary, MDMA-induced apoptosis of HSC is accompanied, but not caused by oxidative

stress; a metabolic derivative of the drug is responsible for the apoptotic effect of MDMA, which is partially blocked by NF-kB activation.

# 2003 Elsevier Inc. All rights reserved.

Keywords: MDMA; Apoptosis; Hepatic stellate cells; Glutathione; Reactive oxygen species; NF-kB

1. Introduction

Apoptosis is an endogenous cell death program that can

be triggered by different stimuli and is characterized by

morphological features such as reduction in cell volume,

membrane blebbing, chromatin condensation and nuclear

DNA fragmentation [1,2]. A family of specific cysteine

proteases, caspases, plays a key role in the apoptotic

response [3]. There are reports suggesting that oxidative

stress is involved in the induction of programmed cell death

in some systems. Addition of oxidants like hydrogen per-

oxide or menadione can lead to cell death by apoptosis [4,5],

and an increased production of reactive oxygen species

(ROS) seems to be a critical step for apoptosis associated

with ionizing radiation or chemotherapeutic drugs [6–8].

Moreover, antioxidants such as N-acetylcysteine (NAC) and

reduced glutathione (GSH) can block apoptosis induced by

agents different from oxidants [9,10]. Mitochondria could

be involved in some of these events, since they are both a

source of ROS and a target for ROS-induced toxicity, and

mitochondria disfunction has been proposed as one of the

pathways leading to caspase activation and cell death [11].
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3,4-Methylenedioxymethamphetamine (MDMA) is a

synthetic derivative of amphetamine that can be toxic

for brain [12,13] and liver cells [14]. Cell damage caused

by MDMA in several in vitro and in vivo models seems to

be mediated by the induction of oxidative stress. Exposure

to MDMA leads to a depletion in GSH levels that correlates

with increased lipid peroxidation and cell damage [14–16],

and the enzyme superoxide dismutase or NAC prevent

some toxic effects of MDMA [17,18]. Other molecular

mediators that can be responsible for MDMA-induced cell

damage are nitric oxide [19] and metabolites of the drug

[20]. We have shown that MDMA induces apoptosis of

primary rat hepatocytes and of a cell line of rat hepatic

stellate cells (HSC) [21]. In both cell types, apoptosis was

accompanied by morphological features like nuclear con-

densation and fragmentation, and by a sequence of events

characteristic of apoptosis mediated by alterations in

mitochondria: disregulation of Bcl-xL protein, cytochrome

c release to the cytoplasm and caspase-3 activation [22].

HSC are the cell type responsible for collagen produc-

tion in the liver. MDMA presents a dual and dose-depen-

dent effect on HSC, inducing collagen production at low

doses and cell death by apoptosis at higher concentrations

[21,23]. In previous studies, we found that the profibro-

genic effect of MDMA is mediated by oxidative stress,

since it correlates with ROS production and GSH deple-

tion, and is abolished by pre-treatment with antioxidants

[23]. In the present work, we studied the role played by

oxidative stress in the apoptotic death of HSC elicited by

MDMA.

2. Materials and methods

2.1. Reagents

MDMA–HCl was a gift from the ‘‘Audiencia Provincial

de Navarra.’’ Cell culture reagents were from Gibco BRL.

Menadione, pyrrolidine dithiocarbamate (PDTC), NAC,

GSH, buthionine sulfoximine (BSO), and quinine were

from Sigma. 5,6-Chloromethyl-20,70-dichlorohydrofluor-

escein diacetate (CM-H2DCFDA) was from Molecular

Probes. Parthenolide was from Alexis Biochemicals.

2.2. Cell culture and treatments

The HSC cell line CFSC-2G [24] was used in all the

experiments. This cell line has the phenotype of a transi-

tional cell between HSC and myofibroblasts. Cells were

cultured in minimum essential medium (MEM) supple-

mented with 10% fetal bovine serum (FBS) and non-

essential amino acids for 36 hr, after which the medium

was replaced for a serum-free medium. After 12 hr cells

were treated with either 5 mM of MDMA or with mena-

dione 100 mM for the indicated times. In some experiments

30 min pre-treatments with either PDTC (100 mM), GSH

(1 mM), NAC (5 mM), BSO (100 mM), quinine (1 or

10 mM) or parthenolide (20 or 100 mM) were carried out.

2.3. Measurement of intracellular GSH levels

The intracellular levels of GSH (reduced form) were

determined by the method of Hissim and Hilf [25]. HSC

were cultured and treated as described above. After treat-

ment, HSC were scraped and resuspended in MEM

(1�106 cell/mL). An aliquot of the deproteinized cell

suspension (50 mL) was mixed with 2.1 mL of 200 mM

sodium phosphate buffer, pH 8.0, containing 5 mM EDTA.

Then 100 mL of a solution of o-phthaldialdehyde (1 mg/

mL in methanol) was added, and 15 min later the intensity

of fluorescence was determined (excitation at 350 nm,

emission at 420 nm).

2.4. Measurement of ROS production

Production of ROS, mainly peroxides, was measured

using the fluorescent probe CM-H2DCFDA. For these

experiments HSC were grown in MEM without phenol

red. For time-course studies HSC were plated to sub-

confluence in 12-well plates, treated for different times

with 5 mM MDMA, and then incubated for 20 min with

5 mM CM-H2DCFDA at room temperature. Fluorescence

(excitation at 485 nm, emission at 530 nm) was analyzed in

a Cytofluor 2350, Millipore.

2.5. Determination of oligonucleosomal

(histone-associated) DNA fragments

The presence of soluble histone–DNA complexes, was

measured by the Cell Death Detection Assay (Boehringer

Mannheim). For this assay, HSC were seeded on 24-well

plates at a density of 80,000 cells/well. After treatment

with 5 mM MDMA for 24 hr, cell death ELISA assays

were performed according to the manufacturers instruc-

tions. Specific enrichment of mono- and oligonucleosomes

released into the cytoplasm (Enrichment Factor, EF) was

calculated as the ratio between the absorbance values of the

samples obtained from treated and control cells.

2.6. Western blot

After treatment with MDMA, cells were washed with

PBS and whole cell lysates were obtained. Equal amounts

of protein were size-fractionated by 12% SDS–PAGE and

electrotransfered to nitrocellulose membranes. The mem-

branes were incubated with anti-IkB-a monoclonal mouse

antibodies (Santa Cruz Biotechnology) diluted 1:2000, and

for 1 hr with anti-mouse immunoglobulin horseradish

peroxidase conjugated (Amersham Pharmacia Biotech),

diluted 1:4000. Bound antibodies were detected by

enhanced chemiluminiscence autoradiography with

ECL-Plus (Amersham Pharmacia Biotech). Equivalent
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loading was confirmed by Coomasie staining of an iden-

tical gel.

2.7. Nuclear protein extraction and electrophoretic

mobility shift assays (EMSA)

HSC cultured as described above, were treated for 2 hr

with 5 mM MDMA or 100 mM menadione. Nuclear pro-

teins from control and treated cell cultures were obtained

following the method described by Schreiber et al. [26].

The consensus sequence for NF-kB with the binding motif

GGG GAC TTT CCC was obtained from Santa Cruz

Biotechnology (sc-2505) and labeled with [g32P]ATP

using T4 polynucleotide kinase. The reaction mixtures

containing 5 mg of nuclear extracts, were incubated with

the probe for 30 min at room temperature. DNA–protein

complexes were separated from unbound probe by elec-

trophoresis on a 6% polyacrylamide gel. Complexes

formed were identified by autoradiography of the dried

gels. For antibody interference studies, incubation mix-

tures contained the corresponding specific antibody (Santa

Cruz Biotechnology) and electrophoresis was carried out

on a 4% polyacrylamide gel.

2.8. Viral infection of HSC

The adenoviral vector delivering a dominant-negative

form of NF-kB-inducing kinase (NIK) (Ad5dnNIK) was a

gift from Dr. Brenner. Ad5LacZ, which contains the E. coli

b-galactosidase (b-Gal) gene was used as a control virus

throughout the study. Sub-confluent HSC were infected

with Ad5dnNIK or Ad5LacZ in serum-free medium at a

multiplicity of infection (MOI) of 3000 (determined as

optimal MOI by galactosidase staining for AdLacZ

infected cells with different MOIs) for 3 hr, and then

supplemented with 2% FBS for 12 hr. The medium was

changed to fresh MEM supplemented with 2% FBS, and

24 hr later experiments were carried out.

2.9. Statistical analysis

The data were analyzed using the Kruskal–Wallis test to

determine differences between all independent groups.

When significant differences were obtained (P < 0:05),

differences between two groups were tested using the

Mann–Withney U test.

3. Results

3.1. MDMA induces oxidative stress in HSC at

pro-apoptotic doses

To study the ability of MDMA to induce oxidative stress

at pro-apoptotic concentrations, we analyzed intracellular

levels of ROS and reduced GSH in HSC treated with 5 mM

MDMA. In previous studies this concentration of MDMA,

had been shown to exert a proapoptotic effect on HSC [21].

Time-course experiments showed that HSC exposed to

MDMA presented an increased production of ROS, reach-

ing values of 2-fold increase at 30 min (Fig. 1A).

Intracellular GSH levels were also affected by MDMA,

being 40% lower than untreated controls 1 hr after adding

the drug, and remaining depleted for 24 hr (Fig. 1B). This

effect does not seem to be a consequence of apoptotic cell

death, since cell viability is not compromised by MDMA at

early time points [21].

3.2. Effect of menadione on ROS production and

apoptosis of HSC

Menadione (2-methyl-1,4-naphthoquinone) is a com-

pound frequently used as an intracellular generator of hydro-

gen peroxide [27], that has been shown to induce apoptosis

of some cell types through generation of oxidative stress

[28,29]. To establish if HSC were susceptible to oxidative

stress-induced apoptosis, we carried out experiments using

Fig. 1. Time-course analysis of hydrogen peroxide and intracellular GSH

(reduced form) levels on HSC treated with MDMA. (A) HSC were

exposed for 30 min, 1, 2, 4 and 8 hr to 5 mM MDMA, and hydrogen

peroxide levels determined by fluorimetry, using CM-H2DCFDA as a

probe. Each bar represents the mean � SD of fluorescence fold change

compared to controls of at least quadruplicate experiments (��P < 0:01, vs.

control). (B) HSC were treated for 30 min, 1, 2, 4 and 24 hr with 5 mM

MDMA, and GSH (reduced form) levels measured as described in Section

2. Values are the mean � SD of at least quadruplicate experiments

(��P < 0:01, vs. control).
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menadione as a pro-oxidant and PDTC as an antioxidant.

This compound elicits a generic antioxidant activity, being

able to act as a metal chelator or as a scavanger of different

ROS through its sulfhydryl group [30].

Time-course analysis of ROS production after adding

menadione to the cell cultures, showed a 3- to 4-fold

increase after 1 hr treatment (Fig. 2A). As expected,

pre-treatment with PDTC effectively blocked the increase

on hydrogen peroxide levels caused either by MDMA or

menadione in HSC (Fig. 2B).

The extent of apoptotic cell death was determined in

these same conditions. Apoptosis was measured as the fold

increase in histone-associated oligonucleosomal fragments

that accumulate in the cytoplasm (see Section 2). As shown

in Fig. 2C, pre-treatment with PDTC did not affect the

apoptotic action of MDMA, suggesting that ROS do not

mediate programmed cell death induced by MDMA on

HSC. However, menadione induced apoptosis of HSC, and

this effect was prevented by pre-treatment with PDTC

(Fig. 2C), showing that HSC are susceptible to apoptosis

induced by oxidative stress.

3.3. Effect of GSH, NAC and BSO on apoptosis of

HSC induced by MDMA or menadione

To evaluate the role played by GSH in apoptosis induced

by MDMA, we altered the GSH status by pre-treatment

with several compounds. Cells were pre-treated either with

GSH or the GSH precursor NAC to prevent the decrease of

GSH levels caused by MDMA, and also with BSO, a

compound that leads to GSH depletion through inhibition

of the rate-limiting enzyme of GSH synthesis. Analysis of

intracellular GSH levels showed that addition of GSH and

NAC prior to treatment with MDMA prevented GSH

depletion, obtaining values of GSH similar to untreated

cells. Menadione-treated HSC also presented decreased

GSH levels, as expected for its pro-oxidant activity, and

both NAC and GSH were able to return GSH levels to

values slightly higher that control when added prior to

menadione. BSO effectively depleted GSH levels by itself

and an additive effect was observed when added together

with either MDMA or menadione (Table 1).

Once we had established the conditions for preventing or

increasing GSH depletion, apoptosis was measured after

treating HSC as above. Pre-treatments presented opposite

effects on apoptotic cell death depending on the agent.

Both GSH and NAC increased MDMA-induced apoptosis

of HSC, reaching in the case of NAC values of oligonu-

cleosomal fragment accumulation 2-fold higher than those

found in cells treated only with MDMA. However, in

menadione-treated cells pre-treatment with either GSH

or NAC blocked the apoptotic action of the pro-oxidant.

BSO added prior to MDMA reduced its apoptotic effect,

while it did not affect apoptosis induced by menadione

(Fig. 3). Both compounds prevented the increase of ROS

levels caused by menadione or MDMA (data not shown).

3.4. Quinine prevents apoptosis induced by MDMA

Some of the toxic effects described for MDMA have

been shown to be caused by metabolic transformation of

the drug. Semiquinone or quinone species that react

easily with nucleophiles like GSH are generated from

Fig. 2. Effect of menadione on HSC. (A) Time-course analysis of hydrogen

peroxide levels of HSC treated with menadione 100 mM. HSC were exposed

for 30 min, 1, 2, 4 and 8 hr to 100 mM menadione, and hydrogen peroxide

levels determined by fluorimetry, using CM-H2DCFDA as a probe. Each bar

represents the mean � SD of fluorescence fold change compared to controls

of at least quadruplicate experiments. (B) Effect of PDTC on hydrogen

peroxide production in MDMA or menadione-treated HSC. Hydrogen

peroxide levels were determined in HSC treated for 1 hr with MDMA 5 mM

or menadione 100 mM in the presence or absence of PDTC, using CM-

H2DCFDA as a probe. (C) Effect of PDTC on apoptosis of HSC induced by

MDMA or menadione. Oligonucleosomal fragments content was expressed

as EF, as described in Section 2. HSC were treated for 24 hr with MDMA

5 mM or menadione 100 mM in the presence or absence of PDTC. Each bar

represents the mean � SD of quadruplicate determinations from two

independent experiments (��P < 0:01, �P < 0:05, n.s.: no significative; a:

vs. control; b: vs. MDMA or menadione-treated cells).
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MDMA by members of the cytochrome P450 family

[31,32]. To establish whether a derivative of the drug

was responsible for its apoptotic activity, an inhibitor of

cytochrome P450, quinine, was added prior to MDMA

treatment, and the extent of apoptotic cell death mea-

sured as before. Inhibition of cytochrome P450 by

quinine prevented apoptosis of HSC induced by MDMA

in a dose–response fashion (Fig. 4).

3.5. MDMA activates NF-kB

NF-kB is a nuclear factor that has been described to be

activated by oxidative stress in some systems [33–35] and

that is involved in the apoptotic response. We evaluated

whether MDMA had an effect on the activity of nuclear

factor NF-kB and the role played by this factor on the

apoptotic action of MDMA. Time-course analysis of NF-

kB binding activity by electrophoretic mobility shift assay,

revealed an increased binding activity of the factor to its

consensus sequence in MDMA-treated HSC. Unlike

MDMA, menadione did not increase the binding activity

of NF-kB (Fig. 5A). By super-shift analysis the protein

complex that bound to the labeled probe was identified as

the transcriptionally active heterodimer p50/p65. Western

blot analysis of the inhibitory subunit of the factor, IkB,

showed an increased degradation induced by MDMA

(Fig. 5B). Activation of NF-kB by MDMAwas not affected

by pre-treatments that altered the GSH status, such as GSH,

NAC or BSO (Fig. 5C).

The role played by NF-kB on the apoptotic response

elicited by MDMA was studied using two different experi-

mental approaches to inhibit the factor. The chemical

compound parthenolide is a sesquiterpene lactone with

anti-inflammatory properties that exerts its action through

inhibition of NF-kB [36]. HSC were pre-treated with two

concentrations of parthenolide before addition of MDMA

and after 24 hr apoptosis was determined as accumulation

Table 1

Intracellular concentration of GSH (nmol/106 cells)

Treatment Pre-treatment

GSH (1 mM) NAC (5 mM) BSO (100 M)

Control 7.8 � 0.71 7.5 � 1.23 10.64 � 2.41*,a 4.08 � 1.14**,a

MDMA (5 mM) 4.51 � 1.37**,a 7.46 � 0.76**,b 6.6 � 2.1*,b 2.59 � 0.62**,b

MEN (100 M) 1.13 � 0.46**,a 10.6 � 1.57**,b 14.21 � 3.56**,b #

Intracellular GSH was measured as described in Section 2. Data are means � SD of at least triplicate measurements from two to seven different

experiments. (#): not detectable values; a: vs. control; b: vs. MDMA or menadione.
*P < 0:05; **P < 0:01.

Fig. 3. Effect of GSH, NAC and BSO on the accumulation of cytoplasmic

oligonucleosomal fragments in HSC treated with MDMA or menadione.

HSC were treated for 24 hr with 5 mM MDMA (A) or 100 mM menadione

(B) in the presence or absence of GSH, NAC and BSO. Oligonucleosomal

fragments content was expressed as EF, as described in Section 2. Each bar

represents the mean � SD of quadruplicate determinations from at least

two independent experiments (��P < 0:01, n.s.: no significative; a: vs.

control; b: vs. MDMA or menadione-treated cells).

Fig. 4. Effect of quinine on the accumulation of oligonucleosomal

fragments in cytoplasmic extracts from HSC treated with MDMA. HSC

were treated for 24 hr with 5 mM MDMA in the presence or absence of the

cytochrome P450 inhibitor quinine, at concentrations of 1 or 10 mM.

Oligonucleosomal fragments content was expressed as EF, as described in

Section 2. Each bar represents the mean � SD of quadruplicate

determinations (�P < 0:05, n.s.: no significative; a: vs. control; b: vs.

MDMA-treated cells).
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of oligonucleosomal fragments. Pre-treatment with parthe-

nolide increased the extent of apoptotic death induced by

MDMA. Moreover, parthenolide by itself had an apoptotic

effect on HSC that was dose-dependent (Fig. 6A). Other

experiments were aimed at inhibiting NF-kB through the

blockage of its signaling cascade. NF-kB activation com-

monly takes place as a result of protein phosphorylation by

specific kinases called IKK (IkB kinases). IKKs are also a

substrate for NIK (NF-kB-inducing kinase), which can be

activated through its interaction with components of the

death receptor such as TRAF. A dnNIK delivered by

adenoviral (Ad5dnNIK) vector has been shown to inhibit

IKK phosphorylation and NF-kB activation [37]. HSC

were infected with the adenovirus Ad5dnNIK prior to

treatment with MDMA and apoptosis evaluated 24 hr later.

Ad5dnNIK-infected cells presented an increased level of

cytosolic oligonucleosomal fragments compared to control

cells, and were more susceptible to apoptosis induced by

MDMA (Fig. 6B).

4. Discussion

Intracellular oxidative stress due to accumulation of

ROS mediates several physiological and pathological

responses, including drug-toxicity. The effects of oxidative

stress are different depending, among other factors, on the

extent of ROS accumulation. An excessive accumulation

Fig. 5. NF-kB binding activity of MDMA-treated cells. (A) Time-course analysis of NF-kB binding activity determined by EMSA in extracts of HSC treated

with MDMA or menadione. HSC were treated for 1, 2 or 4 hr with 5 mM MDMA or 100 mM menadione and nuclear protein extracts obtained as described in

Section 2. (B) Identification of NF-kB by super-shift and Western blot analysis of IkB-a degradation in HSC treated with MDMA for 2 hr. C, NF-kB binding

activity in extracts of HSC pre-treated for 30 min with GSH, NAC or BSO, before treatment with MDMA (2 hr).
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of ROS leads to alterations and damage of all type of

macromolecules and eventually to necrotic cell death.

However, a moderate increase of ROS can elicit effects

such as activation of signaling pathways and/or transcrip-

tion factors that could be involved in physiological

responses. In HSC, hydrogen peroxide production has been

shown to up-regulate collagen expression at the transcrip-

tional level in response to cytokines or acetaldehyde

metabolism [38,39] as well as to exposure to MDMA

[23], adding to the many reports pointing out to a relation-

ship between oxidative stress and fibrogenesis. However, to

our knowledge, the role played by oxidative stress in

programmed cell death of HSC remains to be fully eluci-

dated. Our results show that apoptosis of HSC can be

triggered by oxidative stress, since treatment with the pro-

oxidant menadione had an apoptotic effect that was inhib-

ited by three sulfhydryl-containing antioxidants: PDTC,

GSH (reduced form, GSH) and NAC. The fact that MDMA

induced oxidative stress at apoptotic doses in HSC, and that

this cell type was sensitive to pro-oxidants with apoptotic

potential, suggested a relationship between both events.

However, this possibility was ruled out by several results.

On the one hand, PDTC had no effect on MDMA-induced

apoptosis. On the other, pre-treatment with GSH and the

GSH precursor NAC produced a dramatic increase of the

apoptotic action of MDMA. In some cell types there is a

threshold response to hydrogen peroxide with respect to

apoptosis, with a protective effect at low concentrations

and a pro-apoptotic effect at higher ones, that could explain

the potentiation of apoptosis observed in HSC treated with

both MDMA and GSH or NAC. However, PDTC also

blocked ROS production induced by MDMA without

affecting cell viability, pointing out to an specific effect

of GSH-related molecules.

Glutathione plays a key role in controlling the redox

state of the cell through several mechanisms, including

scavanging of hydrogen peroxide and other ROS, and

keeping the enzyme GSH peroxidase in a reduced state

[40]. Although GSH and its precursor NAC can potentiate

apoptosis in some transformed cell lines [41,42], most of

the reports indicate a role for GSH as a protective agent

against apoptosis. In hepatocytes GSH depletion has been

shown to induce apoptosis by itself [43] or to sensitize the

cells towards TNF-a-induced apoptosis [44], and the effect

of some anti-apoptotic agents has been demonstrated to be

mediated by stabilizing the GSH pool [45]. MDMA-

induced apoptosis of HSC correlates with a decrease in

GSH, but the prevention of this effect by pre-treatment

with exogenous GSH or NAC potentiated the apoptotic

action of the drug. This could be explained by other actions

of the tripeptide different from its role as an antioxidant.

Glutathione can form adducts with 3,4-dihydroxymetham-

phetamine (DHMA), the main product of MDMA meta-

bolization, which is synthesized by members of the

cytochrome P450 family, mainly CYP2D6 [31,46,47].

We found that pre-treatment of HSC with the CYP2D6

inhibitor quinine abolished the apoptotic effect of MDMA,

suggesting an apoptotic role of a by-product of MDMA

metabolization. The pro-apoptotic effect of exogenous

GSH or NAC and the protective action of BSO point

out to the adduct as a mediator of apoptotic cell death

induced by MDMA.

NF-kB 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-kB has been

reported to mediate or prevent apoptosis. In TNF-a or Fas-

ligand-induced apoptosis most of the studies, including

recent reports on HSC [48,49], show that NF-kB plays a

protective role, since its inhibition enhances the cell death

rate or sensitizes cells towards the apoptotic effect of these

factors [50,51]. However, in models of apoptosis induced

by oxidative stress, NF-kB activation can be pro-apoptotic,

and addition of antioxidants block both the activation of the

factor and apoptotic cell death [33–35]. We found that NF-

kB binding activity was enhanced in HSC by treatment

with MDMA, and our results suggest that this activation

has a protective action against apoptosis induced by the

drug, since inhibition of the factor either by pre-treatment

Fig. 6. Effect of NF-kB inhibition on the accumulation of oligonucleo-

somal fragments in HSC treated with MDMA. (A) Effect of parthenolide.

HSC were treated for 24 hr with 5 mM MDMA in the presence or absence

of parthenolide 20 and 100 mM. (B) Effect of the dnNIK delivered by

adenoviral vector Ad5dnNIK. HSC were infected for 3 hr with Ad5dnNIK

or Ad5LacZ (infection control). The oligonucleosomal fragments content

was expressed as EF, as described in Section 2. Each bar represents the

mean � SD of quadruplicate determinations from at least two independent

experiments (��P < 0:01, n.s.: no significative; a: vs. control; b: vs.

MDMA-treated cells).
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with parthenolide or infection with Ad5dnNIK resulted in

an enhancement of apoptotic cell death. NF-kB activation

by MDMA was not affected by pre-treatment with either

GSH or NAC, and therefore does not seem to be caused by

oxidative stress elicited by the drug. This result also indi-

cates that the potentiation of MDMA-induced apoptosis

due to pre-treatment with GSH or NAC is not a consequence

of an inhibition of the anti-apoptotic action of NF-kB by

antioxidants, and should be explained by other mechan-

isms, like the above-mentioned adduct formation. More-

over, the fact menadione failed to increase the binding

activity of NF-kB in HSC, questions the ability of oxidative

stress to induce NF-kB activity in this cell type.

In summary, MDMA induces programmed cell death on

HSC and this effect is accompanied by oxidative stress, but

not mediated by it. MDMA-treatment of HSC results both

in the triggering of the apoptotic cascade and in the

activation of at least one anti-apoptotic factor, NF-kB,

that fails to totally block apoptosis but partially protects the

cells from apoptotic death.
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Beitia G, Cenarruzabeitia E, Iraburu MJ. 3,4-Methylenedioxy-

methamphetamine (‘‘Ecstasy’’) induces apoptosis of cultured rat liver

cells. Biochim Biophys Acta 2002;1588:26–32.

[22] Loeffler M, Kroemer G. The mitochondrion in cell death control:

certainties and incognita. Exp Cell Res 2000;256:19–26.

[23] Varela-Rey M, Montiel-Duarte C, Beitia G, Cenarruzabeitia E, Iraburu

MJ. 3,4-Methylenedioxymethamphetamine (‘‘Ecstasy’’) stimulates

the expression of alpha1(I) procollagen mRNA in hepatic stellate

cells. Biochem Biophys Res Commun 1999;259:678–82.

[24] Greenwel P, Rubin J, Schwartz M, Hertzberg EL, Rojkind M. Liver

fat-storing cell clones obtained from a CCl4-cirrhotic rat are hetero-

geneous with regard to proliferation, expression of extracellular matrix

components, interleukin-6, and connexin 43. Lab Invest 1993;69:

210–6.

[25] Hissim PJ, Hilf RA. A fluorimetric method for determination of

oxidized and reduced glutathione in tissues. Anal Biochem 1976;

74:214–26.

[26] Schreiber E, Matthias P, Muller MM, Schaffner W. Rapid detection of

octamer binding proteins with ‘mini-extracts’, prepared from a small

number of cells. Nucleic Acid Res 1989;17:6419.

[27] Thor H, Smith MT, Hartzell P, Bellomo G, Jewell SA, Orrenius S. The

metabolism of menadione (2-methyl-1,4-naphthoquinone) by isolated

hepatocytes A study of the implications of oxidative stress in intact

cells. J Biol Chem 1982;257:12419–25.

[28] Gerasimenko JV, Gerasimenko OV, Palejwala A, Tepikin AV, Petersen

OH, Watson AJ. Menadione-induced apoptosis: roles of cytosolic

Ca(2þ) elevations and the mitochondrial permeability transition pore.

J Cell Sci 2002;115:485–97.

1032 C. Montiel-Duarte et al. / Biochemical Pharmacology 67 (2004) 1025–1033



[29] Laux I, Nel A. Evidence that oxidative stress-induced apoptosis by

menadione involves Fas-dependent and Fas-independent pathways.

Clin Immunol 2001;101:335–44.

[30] Brennan P, O’Neill LA. Effects of oxidants and antioxidants on

nuclear factor kappa B activation in three different cell lines: evidence

against a universal hypothesis involving oxygen radicals. Biochim

Biophys Acta 1995;1260:167–75.

[31] Tucker GT, Lennard MS, Ellis SW, Woods HF, Cho AK, Lin LY,

Hiratsuka A, Schmitz DA, Chu TY. The demethylenation of methy-

lenedioxymethamphetamine (‘‘ecstasy’’) by debrisoquine hydroxy-

lase (CYP2D6). Biochem Pharmacol 1994;47:1151–6.

[32] Miller RT, Lau SS, Monks T. 25-Bis-(glutathion-S-yl)-alpha-methyl-

dopamine, a putative metabolite of (�)-3,4-methylenedioxyampheta-

mine decreases brain serotonin concentrations. J Eur J Pharmacol

1997;323:173–80.

[33] Del Rio MJ, Velez-Pardo C. Monoamine neurotoxins-induced apop-

tosis in lymphocytes 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. Bio-

chem Pharmacol 2002;63:677–88.

[34] 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 activa-

tion of NF-kappaB in human Hep G2 cells. Biomed Pharmacother

2001;55:434–42.

[35] Aoki M, Nata T, Morishita R, Matsushita H, Nakagami H, Yamamoto

K, Yamazaki K, Nakabayashi M, Ogihara T, Kaneda Y. Endothelial

apoptosis induced by oxidative stress through activation of NF-kap-

paB: antiapoptotic effect of antioxidant agents on endothelial cells.

Hypertension 2001;38:48–55.

[36] Hehner SP, Hofmann TG, Droge W, Schmitz ML. The antiinflamma-

tory sesquiterpene lactone parthenolide inhibits NF-kappa B by target-

ing the I kappa B kinase complex. J Immunol 1999;163:5617–23.

[37] Russo MP, Bennett BL, Manning AM, Brenner DA, Jobin C. Differ-

ential requirement for NF-kappaB-inducing kinase in the induction of

NF-kappaB by IL-1beta, TNF-alpha, and Fas. Am J Physiol Cell

Physiol 2002;283:347–57.

[38] Garcı́a-Trevijano ER, Iraburu MJ, Fontana L, Domı́nguez-Rosales JA,

Auster A, Covarrubias-Pinedo A, Rojkind M. Transforming growth

factor beta1 induces the expression of alpha1(I) procollagen mRNA by

a hydrogen peroxide-C/EBPbeta-dependent mechanism in rat hepatic

stellate cells. Hepatology 1999;29:960–70.

[39] Greenwel P, Dominguez-Rosales JA, Mavi G, Rivas-Estilla AM,

Rojkind M. Hydrogen peroxide: a link between acetaldehyde-elicited

alpha1(I) collagen gene up-regulation and oxidative stress in mouse

hepatic stellate cells. Hepatology 2000;31:109–16.

[40] Sies H. Glutathione and its role in cellular functions. Free Radic Biol

Med 1999;27:916–21.

[41] Shen HM, Ding WX, Ong CN. Intracellular glutathione is a cofactor in

methylseleninic acid-induced apoptotic cell death of human hepatoma

HEPG(2) cells. Free Radic Biol Med 2002;33:552–61.

[42] Rieber M, Rieber MS. N-Acetylcysteine enhances UV-mediated cas-

pase-3 activation fragmentation of E2F-4, and apoptosis in human

C8161 melanoma: inhibition by ectopic Bcl-2 expression. Biochem

Pharmacol 2003;65:1593–601.

[43] Domenicotti C, Paola D, Vitali A, Nitti M, d’Abramo C, Cottalasso D,

Maloberti G, Biasi F, Poli G, Chiarpotto E, Marinari UM, Pronzato

MA. Glutathione depletion induces apoptosis of rat hepatocytes

through activation of protein kinase C novel isoforms and dependent

increase in AP-1 nuclear binding. Free Radic Biol Med 2000;29:

1280–90.

[44] Nagai H, Matsumaru K, Feng G, Kaplowitz N. Reduced glutathione

depletion causes necrosis and sensitization to tumor necrosis factor-

alpha-induced apoptosis in cultured mouse hepatocytes. Hepatology

2002;36:55–64.

[45] Frenzel J, Richter J, Eschrich K. Fructose inhibits apoptosis induced

by reoxygenation in rat hepatocytes by decreasing reactive oxygen

species via stabilization of the glutathione pool. Biochim Biophys

Acta 2002;1542:82–94.

[46] Kreth K, Kovar K, Schwab M, Zanger UM. Identification of the human

cytochromes P450 involved in the oxidative metabolism of

‘‘Ecstasy’’-related designer drugs. Biochem Pharmacol 2000;59:

1563–71.

[47] Hiramatsu M, Kumagai Y, Unger SE, Cho AK. Metabolism of

methylenedioxymethamphetamine: formation of dihydroxymetham-

phetamine and a quinone identified as its glutathione adduct. J

Pharmacol Exp Ther 1990;254:521–7.

[48] 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.

[49] Saile B, Matthes N, El Armouche H, Neubauer K, Ramadori G. The

bcl, NFkappaB and p53/p21WAF1 systems are involved in sponta-

neous apoptosis and in the anti-apoptotic effect of TGF-beta or TNF-

alpha on activated hepatic stellate cells. Eur J Cell Biol 2001;80:

554–61.

[50] 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.

[51] 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.

C. Montiel-Duarte et al. / Biochemical Pharmacology 67 (2004) 1025–1033 1033


	Role of reactive oxygen species, glutathione and NF-kappaB in apoptosis induced by 3,4-methylenedioxymethamphetamine ("Ecstasy") on hepatic stellate cells
	Introduction
	Materials and methods
	Reagents
	Cell culture and treatments
	Measurement of intracellular GSH levels
	Measurement of ROS production
	Determination of oligonucleosomal (histone-associated) DNA fragments
	Western blot
	Nuclear protein extraction and electrophoretic mobility shift assays (EMSA)
	Viral infection of HSC
	Statistical analysis

	Results
	MDMA induces oxidative stress in HSC at pro-apoptotic doses
	Effect of menadione on ROS production and apoptosis of HSC
	Effect of GSH, NAC and BSO on apoptosis of HSC induced by MDMA or menadione
	Quinine prevents apoptosis induced by MDMA
	MDMA activates NF-kappaB

	Discussion
	Acknowledgements
	References


