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Abstract
Despite numerous reports citing the acute hepatotoxicity caused by MDMA (3,4-
methylenedioxymethamphetamine, ecstasy), the underlying mechanism of organ damage is poorly
understood. We hypothesized that key mitochondrial proteins are oxidatively-modified and
inactivated in MDMA-exposed tissues. The aim of this study was to identify and investigate the
mechanism of inactivation of oxidatively-modified mitochondrial proteins, prior to the extensive
mitochondrial dysfunction and liver damage following MDMA exposure. MDMA-treated rats
showed abnormal liver histology with significant elevation in plasma transaminases, nitric oxide
synthase, and the level of hydrogen peroxide. Oxidatively-modified mitochondrial proteins in control
and MDMA-exposed rats were labeled with biotin-N-maleimide (biotin-NM) as a sensitive probe
for oxidized proteins, purified with streptavidin-agarose, and resolved using 2-DE. Comparative 2-
DE analysis of biotin-NM-labeled proteins revealed markedly increased levels of oxidatively-
modified proteins following MDMA exposure. Mass spectrometric analysis identified oxidatively-
modified mitochondrial proteins involved in energy supply, fat metabolism, antioxidant defense, and
chaperone activities. Among these, the activities of mitochondrial aldehyde dehydrogenase, 3-
ketoacyl-CoA thiolases, and ATP synthase were significantly inhibited following MDMA exposure.
Our data show for the first time that MDMA causes the oxidative inactivation of key mitochondrial
enzymes which most likely contributes to mitochondrial dysfunction and subsequent liver damage
in MDMA-exposed animals.
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1 Introduction
The abuse of 3,4-methylenedioxymethamphetamine (MDMA, Ecstasy)1 is a growing problem
in the United States and represents a significant public health problem [1-3]. According to
recent epidemiological data, the use of MDMA has reached epidemic proportions not only in
the United States but also in many parts of the world [1-3]. Acute exposure to MDMA alone
or in combination with other abused substances, including alcohol or cocaine can damage
several organs such as the heart, liver, kidney, and brain. This damage can be fatal, as evidenced
by multiple deaths related to MDMA abuse [4-7]. For instance, acute MDMA toxicity can lead
to myocardial infarction often accompanied with tachycardia, hypertension, and hyperthermia,
all of which usually precede disseminated intravascular coagulation, rhabdomyolysis, and
multiple organ failure or death [8]. The life threatening clinical manifestations of MDMA
toxicity also include acute hepatic damage [8-10], hyponatremia, and rhabdomyolysis-induced
renal failure [9]. Despite the well-established toxicities associated with its abuse, MDMA is
the second most common cause of liver injury in people under the age of 25 years [9],
suggesting a lack of public knowledge of or disregard for its adverse health affects. Various
factors may contribute to MDMA-induced tissue injury. For instance, MDMA metabolism
[11], the increased efflux of neurotransmitters [11,12], hyperthermia [13], and the oxidation
of catecholamines [14,15] are suggested to be involved in MDMA-related neuronal injury.
Although many reports have demonstrated MDMA-induced liver damage [8-10], the
underlying mechanism accounting for hepatic toxicity is poorly understood. One proposed
mechanism suggests that reactive metabolites of MDMA are responsible for causing the
MDMA-mediated hepatotoxicity [11,16]. The metabolism of MDMA involves N-
demethylation to 3,4-methylenedioxyamphetamine while both MDMA and 3,4-
methylenedioxyamphetamine are demethylated to catecholamines [N-methyl-α-
methyldopamine and α-methyldopamine, respectively] that can undergo oxidation to
corresponding quinones. Newly produced quinones are highly redox-active molecules that can
undergo the following pathways: (a) a redox cycle producing semiquinones radicals, leading
to the generation of reactive oxygen species (ROS) [17,18]; (b) irreversible 1,4-intramolecular
cyclization with subsequent formation of aminochromes [14]; (c) conjugation with reduced
glutathione (GSH) to form a glutathionyl adduct that can further react with GSH and protein
thiols, leading to GSH depletion [16,19]; and d) formation of protein adducts, leading to
inactivation of the target proteins [20]. Taken together, these results indicate that MDMA
metabolism with increased production of ROS and/or toxic oxidation products with GSH
depletion may be responsible for liver damage. Since antioxidant defense systems become
severely impaired upon MDMA exposure, administration of small molecule antioxidants such
as N-acetylcysteine and ascorbic acid or over-expression of antioxidant enzymes like
superoxide dismutase, can inhibit the toxic effects of MDMA [10,16,21]. Depletion of GSH
levels following MDMA exposure correlates with increased lipid peroxidation and cell damage
[16,18]. Furthermore, it was shown that nitric oxide and reactive nitrogen species (RNS),
including peroxynitrite, are also involved in MDMA-mediated toxicity [22].

Despite the well-established role of increased oxidative/nitrosative stress in MDMA-induced
tissue damage [16-18,22], the underlying mechanism by which increased oxidative stress
causes organ damage is still poorly understood. Mitochondria, which play a critical role in
energy supply, fat degradation, anti-oxidant defense and apoptosis, are known to be a major
target of increased oxidative/nitrosative stress upon exposure to toxic compounds and/or in
pathological conditions [23,24]. It is possible that MDMA and/or its reactive metabolites
[16-18,20] inhibit the mitochondrial function by directly interacting with mitochondrial
proteins, as recently demonstrated [20]. In addition, MDMA and metabolites can indirectly
cause mitochondrial dysfunction through increased oxidative/nitrosative stress, as similar to
the pathological states or the conditions after exposure to potentially toxic drugs [23,24].
Therefore, we hypothesized that MDMA-mediated oxidative/nitrosative stress causes the
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inactivation of certain key mitochondrial proteins, leading to mitochondrial dysfunction and1The abbreviations used are

MDMA  
3,4-methylenedioxymethamphetamine

ROS  
reactive oxygen species

RNS  
reactive nitrogen species

MDA  
malondialdehyde

iNOS  
inducible nitric oxide synthase

H&E  
hematoxylin and eosin

ALT  
alanine aminotransferase

AST  
aspartate aminotransferase

Biotin-NM  
biotin-N-maleimide

2-DE  
two-dimensional polyacrylamide gel electrophoresis

MS/MS  
tandem mass spectrometry

ALDH2  
mitochondrial aldehyde dehydrogenase 2

α-ATP synthase 
ATP synthase α-subunit

β-ATP synthase 
ATP synthase β-subunit

HRP  
horse radish peroxidase

HSP  
heat shock protein

GRP  
glucose-regulated protein

GDH  
glutamate dehydrogenase

MAb  
monoclonal antibody

3-NT  
3-nitro-tyrosine

GSH  
reduced glutathione

GSSG  
oxidized glutathione

Complex I  
NADH-ubiquinone oxidoreductase

CYP11B1  
cytochrome P450 11B1
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ultimately tissue damage. To our knowledge, there has not been a systematic proteomic analysis
on MDMA-exposed tissues. Instead of investigating the overall pattern of protein changes, we
specifically focused on the mitochondrial proteins that are oxidatively-modified following
MDMA treatment. Characterization of the oxidatively-modified proteins is expected to
increase our understanding of the molecular mechanisms of mitochondrial dysfunction and
liver injury associated with MDMA. In this study, we identified oxidatively-modified
mitochondrial proteins in MDMA-exposed rat livers by using the cysteinyl residue (Cys)-
targeted proteomic method that was recently developed in this laboratory [25-27]. In addition,
we determined the enzymatic activities of select oxidatively-modified mitochondrial proteins.
The observed oxidative modification and enzymatic inactivations are likely to account for
MDMA-induced mitochondrial dysfunction prior to full-blown hepatic injury.

2 Materials and Methods
2.1 Chemicals and other materials

MDMA, biotin-conjugated N-maleimide (biotin-NM), anti-β-ATP synthase antibody,
propionyl aldehyde, pyrazole, dithiothreitol (DTT), and sodium dithionite were purchased from
Sigma Chemical (St. Louis, MO, USA) in the highest purity available. Anti-3-nitrotyrosine (3-
NT) antibody was purchased from Upstate Biotechnologies (Waltham, MA, USA). Specific
antibody to horse radish peroxidase (HRP)-conjugated MAb-biotin was purchased from Cell
Signaling (Beverly, MA, USA). Heparinized vacutainer tubes were purchased from Becton
Dickinson (Franklin Lakes, NJ, USA). The specific anti-3-ketoacyl-CoA thiolase antibody was
kindly provided by Dr. Nancy Braverman, Institute of Genomic Medicine, Johns Hopkins
University Medical School, Baltimore, MD, USA.

2.2 Animal maintenance and MDMA treatment
Male Sprague Dawley rats (n≥6 per treatment group; 225-250 grams body weight) were
purchased from Harlan Laboratories (Indianapolis, IN, USA). Animals were maintained on a
12:12 light:dark cycle in a temperature and humidity controlled environment and given ad
libitum access to food and water. The protocol for the animal studies was approved by the
Institutional Animal Care and Use Committee of the University of Maryland, School of
Pharmacy. MDMA (10 mg/kg), dissolved in water, was administered per orally (p.o.) on Day
1 and 2 in a volume of 4 ml/kg. Control rats received water p.o. on Day 1 and 2 in a similar
volume. On Day 2, rats were euthanized by carbon dioxide asphyxiation, 12 h after the last
dose of MDMA or water treatment. Blood was collected by cardiac puncture using heparinized
syringes, centrifuged for 10 min at 5000 × g, and plasma was stored at -80 °C until analyzed.
Liver tissue was immediately excised, blotted dry and stored at -80 °C until analyzed.

2.3 Identification of oxidized proteins using mass spectrometry
Mitochondrial fractions were prepared from pooled rat livers (n≥6 per group) obtained from
each treatment group using a recently described method [25,27]. Labeling of oxidized proteins
with biotin-NM was performed as described [25-27]. Purified biotin-NM labeled proteins
bound to the streptavidin-agarose beads were washed twice prior to their separation using two-
dimensional polyacrylamide gel electrophoresis (2-DE). The gels were then silver-stained,
scanned, and analyzed. In-gel digestion of protein gel spots, nanoflow reversed-phase liquid
chromatography—tandem mass spectro-metry and bioinformatic analyses were performed as
recently described [25-27]. Detailed experimental design and protein identification methods
were performed according to the recommended guidelines [28] and described in
Supplementary Table 1.
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2.4 Immunoprecipitation and immunoblot analyses
A separate aliquot of mitochondrial proteins was incubated with 5 μg of anti-β-ATP synthase
for 2 h with constant agitation followed by addition of protein G-agarose for an additional 1 h
[29]. Proteins bound to the protein G-agarose were washed three times with phosphate buffered
saline containing 1% 3-[(3-cholamidopropyl)-1-dimethylammonio]-propanesulfonic acid
(CHAPS), to remove non-specifically bound proteins. After centrifugation, bound proteins
were dissolved in Laemmli buffer for immunoblot analysis using specific antibodies against
each target protein [29].

2.5 Determination of transaminases, hydrogen peroxide, GSH/GSSG ratio, lipid peroxidation,
triglyceride and cholesterol concentrations

Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities were
measured in plasma samples using a clinical chemistry analysis system (PROCHEM-V;
DREW Scientific, Oxford, CT, USA). Triglycerides and cholesterol levels were determined
in the supernatant fraction of liver homogenates (normalized for protein concentration) using
a QVET® kit as per manufacturer’s instructions (DREW Scientific) and normalized for the
protein concentration. The level of hydrogen peroxide produced in isolated mitochondria was
determined using the Amplex® Red Hydrogen Peroxide assay kit (Molecular Probes, Eugene,
OR) in the presence of pyruvate (5 mM) and malate (2 mM) [30]. The GSH/GSSG ratio was
measured in the supernatant fraction of liver homogenates by using a kit for colorimetric
determination of reduced and oxidized glutathione (OXIS International, Inc, Foster City, CA,
USA). Malondialdehyde (MDA) levels were measured using Lipid Peroxidation Assay Kit
(Calbiochem, San Diego, CA, USA).

2.6 Histological analysis of liver samples
Liver samples were fixed in 10% buffered formalin. After paraffin embedding and cutting 5
μm slices, all sections were stained with hematoxylin and eosin (H&E). Histological evaluation
was performed in a blinded manner.

2.7 Activity measurements of various mitochondrial enzymes
Nitric oxide synthase (NOS) activity was measured using 0.5 mg of protein with a fluorescence
indicator 4-amino-5-methyl-amino-2′, 7′-difluorofluorescene diacetate, which has excitation
and emission wavelengths of 490 and 510 nm, respectively [27]. ALDH2 activity was measured
by increased production of NADH, as described [27]. One unit of ALDH2 activity represents
a reduction of 1 μmol NAD+/min/mg protein. Activity of 3-ketoacyl-CoA thiolase was
determined via an absorbance change at 303 nm following disappearance of the Mg2+—enolate
complex of acetoacetyl-CoA (ε303 = 16.5 mM-1 cm-1) [27]. One unit of thiolase was defined
as the amount of 3-ketoacyl-CoA thiolase that catalyzes the cleavage of 1 nmol acetoacetyl-
CoA to acetyl-CoA/min/mg-protein at ambient temperature. ATP synthase activity was
measured using an ATP bioluminescence assay kit (Roche, Mannheim, Germany) following
the manufacturer’s protocol. One unit of ATP synthesis activity represents 1 nM ATP
produced/min/mg protein at ambient temperature. Activity of mitochondrial complex I
(NADH-ubiquinone oxidoreductase) was determined by measuring OD at 340 nm and
subtracting the OD values in the presence of rotenone, an inhibitor of NADH-ubiquinone
oxidoreductase [31]. One unit represents a reduction of 1 μmol NADH/min/mg protein.

2.8 Data processing and statistical analysis
All data in this report represent results from at least three separate experiments, unless stated
otherwise. Statistical analyses were performed using the Student’s t test and p<0.05 was
considered statistically significant.
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3 Results
3.1 Selection of MDMA dosage

As a first step, we determined the appropriate MDMA dosage for our study. Since damaged
liver cells leak cellular enzymes into the plasma, determination of plasma concentrations of
the liver enzymes (ALT, AST) is a frequently used and reliable marker for detecting liver
damage. Twelve hours after the administration of MDMA at a single oral administration of 10
mg/kg, we observed trends toward liver damage with a mild but statistically insignificant
increase in plasma ALT and AST levels (data not shown). However, a significant increase in
plasma ALT and AST levels was observed 12 h after the second administration of two
consecutive MDMA doses (24 hours apart with 10 mg/kg, oral administration) (Fig. 1A).
Accordingly, this MDMA dosing regimen was selected for our study. Our conditions are
different from those known to cause severe liver damage (necrosis) observed with a higher
dose (20 mg/kg, ip) and multiple exposures [10] but were specifically chosen to identify early
changes in oxidative modification of mitochondrial proteins that lead to mitochondrial
dysfunction and ultimately liver damage.

3.2 Increased levels of liver damage and oxidative stress after MDMA exposure
To assess hepatocellular damage in exposed rat livers, liver histopathology were evaluated at
12 h after the second dose of MDMA. Under our conditions, vehicle control rats showed normal
hepatic histology by H&E staining, while increased sinusoidal congestion and inflammatory
cells were observed in MDMA-exposed rat livers (Fig. 1B). To determine the degree of
oxidative stress in MDMA-exposed rat liver, the levels of mitochondrial hydrogen peroxide,
lipid peroxidation, reduced and oxidized glutathione (GSH/GSSG) ratio, and NOS activity
were measured. The level of mitochondrial hydrogen peroxide, an indicator of mitochondrial
ROS production, was increased 58% in MDMA-exposed rats compared to vehicle control rats
(Fig. 1C). Liver cytosolic level of MDA, an indicator of lipid peroxidation, was significantly
elevated from 26.1 ± 2.0 to 43.3 ± 8.1 μM per mg protein after MDMA administration (Fig.
1D). In parallel, the activity of NOS, a source of nitrosative stress, was increased approximately
60% in MDMA-exposed rats compared to vehicle controls (Fig. 1E). Consistent with this result,
the mitochondrial nitrite level in MDMA-exposed rats increased by 76% to 2.61 ± 0.48 from
1.48 ± 0.07 μM within control rats (p=0.079). Furthermore, the GSH/GSSG ratio, an indicator
of oxidative stress, decreased from 47.3 ± 7.1 to 29.1 ± 15.6 following MDMA treatment (Fig.
1F). These results confirm that under our experimental conditions, MDMA increased oxidative/
nitrosative stress and liver damage as seen by others [17,18,22].

3.3 Increased levels of oxidized protein in rat liver mitochondria following MDMA exposure
Since an increase in oxidative/nitrosative stress was observed, we next examined whether the
number of oxidatively-modified mitochondrial proteins increased in the MDMA-exposed rat
livers compared to vehicle controls. Coomassie blue staining (Fig. 2A, left panel) shows that
equal amounts of total proteins were analyzed for the two groups. The number and intensity
of biotin-NM labeled proteins detected by immunoblot analysis using the HRP-conjugated-
anti-biotin-antibody were markedly elevated in MDMA-exposed rats (Fig. 2A, right panel,
lane 2) compared to the controls (lane 1). The levels of the immunoreactive proteins as
determined by densitometry were significantly elevated following MDMA treatment (Fig. 2B).

3.4 Identification of oxidatively-modified mitochondrial proteins
We identified the biotin-NM-labeled mitochondrial proteins using tandem mass spectrometry
(MS/MS) following 2-DE fractionation [25-27]. The number and intensity of biotin-NM
labeled oxidatively-modified protein spots were significantly increased in rat livers obtained
from the MDMA-treated group (Fig. 2C, right panel with the statistical analysis of 33 spots
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shown in Supplementary Fig. 1) compared to livers obtained from the control group (Fig. 2C,
left panel). Identities of thirty three spots, representing oxidatively-modified mitochondrial
proteins with increased spot intensity in MDMA-exposed samples (right panel), are
summarized in Table 1. The proteins identified as being oxidatively-modified after MDMA
administration include those involved in: energy supply and oxidative phosphorylation (α- and
β-ATP synthase); anti-oxidative defense system [mitochondrial aldehyde dehydrogenase 2
(ALDH2) and methylmalonate-semialdehyde dehydrogenase (ALDH6), ALDH7, ALDHX];
fatty acid and intermediary metabolism [3-ketoacyl-CoA thiolase, 3-hydroxyacy-CoA
dehydrogenase 2, enoyl-CoA hydratase, acetyl-CoA acetyltransferase, acyl-CoA
dehydrogenase, acetyl-CoA dehydrogenase, glutamate dehydrogenase (GDH), and UDP-
glucose pyrophosphorylase]; molecular chaperon proteins [heat shock protein (Hsp) 60,
Hsp86, Hsp75, protein disulfide isomerase, and glucose regulated protein (GRP) 75];
mitochondrial electron transport and voltage-dependent calcium protein.

Many proteins were identified from spots with apparent molecular weights (e.g. spots 26-30
for α—ATP synthase) lower than that based on their full-length sequence. These spots likely
represent fragments of their full-length parent proteins (i.e. 58 kDa for α-ATP synthase).
Increased degradation products of proteins were also observed for GDH, HSP60, and ALDH6.
Detection of smaller protein fragments may be related to increased susceptibility of oxidized
mitochondrial proteins to elevated proteasomal degradation reported under conditions of
oxidative stress [32,33] or alternatively, spontaneous fragmentation of oxidized proteins [34].

3.5. Inactivation of Oxidatively-Modified Mitochondrial Enzymes in MDMA-Exposed Rat
Livers

Certain amino acids such as Cys, Met, Trp, His and Tyr can undergo various oxidative
modifications [34]. The oxidative modifications of multiple mitochondrial proteins observed
in this study (Fig. 2) led us to test whether the biological functions of some of these proteins
could be inhibited through oxidative modifications of critical Cys and Tyr residues. In fact,
several mitochondrial proteins are known to contain Cys residue(s) within their catalytic sites.
For instance, ALDH isozymes, including ALDH2, ALDH5, ALDH6, and ALDH7, contain a
highly conserved Cys in their catalytic site [35] while the catalytic site of 3-ketoacyl-CoA
thiolase contains two Cys residues [36]. GDH also contains a critical Cys residue near the
catalytic site [37]. Therefore, we evaluated whether the catalytic activities of ALDH2 and 3-
ketoacyl-CoA thiolase were inhibited following MDMA treatment. The ALDH2 activity was
0.16 ± 0.12 units after MDMA exposure. This value represents an approximately 72% reduction
in the ALDH2 activity compared to vehicle controls (Fig. 3A). This suppressed ALDH2
activity was completely recovered by the pre-incubation of the MDMA-exposed sample with
12 mM DTT, suggesting that the Cys residues within ALDH2 could be oxidized to form
disulfides or sulfenic acid. Alternatively, Cys residues can be S-nitrosylated or S-
glutathionylated after MDMA exposure [27,35]. To further demonstrate that the inactivation
of ALDH2 enzyme activity was due to its oxidative modification, biotin-NM labeled
mitochondrial proteins were analyzed before and after purification with streptavidin-agarose.
Immunoblot analysis using a specific anti-ALDH2 antibody detected similar amounts of
ALDH2 protein in all treatment groups before purification (Fig. 3B, left panel). After affinity
purification using streptavidin-beads, a single band was recognized with the anti-ALDH2
antibody in the MDMA-administrated sample (Fig. 3B, right panel, lane 2) but not in vehicle
control groups (lane 1). Addition of DTT to the MDMA-exposed samples prior to biotin-NM
labeling causes the disappearance of immunoreactive ALDH2 in the MDMA-treated sample
(lane 3). These immunoblot data clearly support that ALDH2 was reversibly oxidized and/or
S-nitrosylated after MDMA administration and that this leads to its inactivation.
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Two Cys residues (Cys92 and Cys382), which are essential for the activity of 3-ketoacyl-CoA
thiolase, are likely targets of oxidative modification leading to inactivation of the enzyme
[36]. Indeed, mitochondrial 3-ketoacyl-CoA thiolase activity was inhibited approximately 89.1
% by MDMA treatment, and its activity was restored by 83.3% after the addition of 12 mM
DTT to the MDMA-exposed groups (Fig. 4A). To further demonstrate that oxidized 3-
ketoacyl-CoA thiolase was inactive, biotin-NM labeled mitochondrial proteins were analyzed
before and after purification with streptavidin-agarose. Immunoblot analysis using the specific
anti-3-ketoacyl-CoA thiolase antibody revealed that similar amounts of 3-ketoacyl-CoA
thiolase protein were detected in all treatment groups prior to purification (Fig. 4B, left panel).
After streptavidin-agarose affinity purification, a single band was recognized in the MDMA-
exposed group (Fig. 4B, right panel, lane 2) but not in vehicle control groups (lane 1) or DTT-
treated MDMA-exposed group prior to biotin-NM labeling (lane 3). These immunoblot data
indicate that 3-ketoacyl-CoA thiolase becomes reversibly oxidized after MDMA
administration, leading to its inactivation. The reduction in the activity of 3-ketoacyl-CoA
thiolase is likely to lead to increased free fatty acids in the liver since this enzyme plays a key
role in the β-oxidative breakdown of fatty acids in the mitochondria and peroxisomes [38].
Since free fatty acids are used in hepatic triglyceride synthesis, hepatic triglyceride and
cholesterol levels were measured to further evaluate functional implication of MDMA-
mediated inhibition of this enzyme. The hepatic triglyceride and cholesterol were increased by
26% (p=0.16) and 45% (p=0.11), respectively, in the MDMA-treated samples compared to
those of vehicle controls (Fig. 4C). The relatively small increases in the fat levels may result
from the moderate MDMA dosage and different exposure time. Although statistically
insignificant, the increases in triglycerides and cholesterol levels observed in this study are
consistent with an earlier report [10] showing MDMA administration results in elevated levels
of triglyceride and cholesterol.

In addition to Cys, other amino acid residues such as Tyr, Trp, His, and Met are also known
to undergo oxidative modification [34]. Therefore, we evaluated whether critical Tyr residues
in the active site of ATP synthase [39] may undergo nitration by elevated levels of nitrite and/
or peroxynitrite in MDMA induced rat livers, leading to its inactivation. Mitochondrial ATP
synthase activity was significantly inhibited in MDMA-exposed rats. The hepatic ATP
synthase activity was 147.9 ± 13.9 units in vehicle controls, while it was 92.0 ± 16.5 units in
MDMA-treated rats (Fig. 5A). To elucidate the mechanism for MDMA-mediated inhibition
of ATP synthase activity, β-ATP synthase protein was immunoprecipitated from the
mitochondria fractions of vehicle control and MDMA-treated samples. Immunoblot analysis
with the specific anti-β-ATP synthase antibody showed that similar levels of β-ATP synthase
exist in all conditions (Fig. 5B, left panel). However, the specific anti-3-NT antibody detected
an immunoreactive protein in the samples from the MDMA-exposed rat livers (right panel,
lane 2) but not from the vehicle control (lane 1). The disappearance of the 3-NT band in the
presence of dithionite (lane 3) suggested its conversion to 3-aminoTyr. Furthermore,
mitochondrial complex I activity, which could be inactivated by peroxynitrite through the
modification of its Tyr residues [40], was significantly inhibited by 69% in MDMA-treated
samples (3.90 ± 0.43 units) compared to that of controls (1.19 ± 0.15 units). These results of
Tyr modifications of ATP synthase and possibly of the mitochondrial complex I suggest an
elevated level of peroxynitrite, although it could not be accurately determined due to an
extremely short half-life of peroxynitrite, in MDMA-treated samples compared to controls.

4. Discussion
Over the past decade, the use of MDMA has grown beyond the boundaries of the rave scene
and has spread to schools and colleges [2,3]. Unfortunately, acute exposure to MDMA alone
or in combination with alcohol or other abused substances can damage various organs such as
liver, heart, brain, and kidney [4-10]. MDMA organ toxicities are known to depend on route,
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time, dosage, and metabolism of MDMA as well as genetic polymorphism of cytochrome P450
isozymes within individuals. Despite extensive clinical descriptions of MDMA-mediated
organ injury, the molecular mechanisms for these effects are not well understood. Although
research is being actively carried out to understand the mechanism of MDMA-mediated
neurotoxicity [1517-19], little is known about the mechanisms of MDMA-induced
hepatotoxicity. Recent studies suggest that increased oxidative and nitrosative stress plays an
important role in MDMA-mediated tissue damage [18,22]. We hypothesized that MDMA and/
or its reactive metabolites can inhibit the normal function of mitochondria (i.e. mitochondrial
dysfunction) through increased oxidative/nitrosative stress, although these compounds can
directly inhibit the mitochondrial function, as recently reported [20]. To test this hypothesis,
we focused on studying the mechanism by which increased oxidative/nitrosative stress causes
mitochondrial dysfunction after MDMA exposure. To identify early changes and evaluate
functional implications of oxidatively-modified mitochondrial proteins, we selected a
relatively low dose of MDMA (10 mg/kg, twice, orally). Under this mild condition significant,
but not full-blown, hepatic damage with elevated plasma transaminases and increased immune
cells infiltrated into the liver was observed. Subsequently we used this MDMA dosing regimen
for our study to identify oxidatively-modified mitochondrial proteins.

Reactive metabolites of MDMA, produced via cytochrome P450-catalyzed metabolism, are
critically important in MDMA-related organ damage, since direct administration of MDMA
to brain areas did not cause tissue damage [41,42]. These reactive metabolites, especially
quinone metabolites may produce oxidative and nitrosative stress by inhibiting the
mitochondrial respiratory chain [18,20,43], although the effect of specific MDMA metabolites
on the respiratory chain remains to be determined. In addition, the reactive metabolites of
MDMA significantly decrease the level of reduced GSH, which protects against many types
of free radical metabolites of toxic compounds (including MDMA-quinone related
metabolites) [16,17,20,44]. The decreased ratio of GSH/GSSG, along with increased ROS/
RNS production in MDMA-exposed rats is expected to increase oxidative and nitrosative
stress. Presence of both reactive oxygen and nitrogen species can produce a more potent oxidant
peroxynitrite (ONOO-), which can cause irreversible cell and tissue damage [45]. Although
peroxynitrite could not be accurately measured in MDMA-exposed rat livers, the presence of
peroxynitrite was indirectly shown by nitration of ATP synthase and its disappearance in the
presence of dithionite. In addition, the inhibition of the mitochondrial complex I activity
provides further support of peroxynitrite production (Fig. 5). Based on these results, we
conclude that MDMA treatment increased the levels of ROS/RNS, resulting in the oxidative
modification and inactivation of numerous mitochondrial proteins. These results not only
support the important role of oxidative/nitrosative stress [17,18,22] but also provide an
underlying mechanism for MDMA-mediated liver damage through oxidative inactivation of
many mitochondrial proteins and subsequent mitochondrial dysfunction.

Recent studies from this laboratory and others showed that many hepatic mitochondrial
proteins are oxidatively-modified and inactivated in alcohol-exposed rats [27,46]. In addition,
many mitochondrial proteins are nitrated and their activities inactivated in diabetic mice,
leading to mitochondrial dysfunction [47]. Interestingly, there is a significant overlap in the
type of proteins that are oxidatively-modified in these different groups suggesting that
similarities exist in the downstream actions of ROS/RNS produced in these conditions.
However, in the current study, additional mitochondrial proteins such as acetyl-CoA
dehydrogenase, UDP-glucose pyrophosphorylase 2, Hsp86, Hsp 75, and cytochrome P450
11B1 (CYP11B1), that were not identified in previous studies, were found. Although our study
shows that CYP11B1 and CYP19A1 were oxidized after MDMA exposure, we did not find
oxidation of cytochromes P450 such as CYP2D6, CYP1A2, and CYP3A4 that are involved in
the MDMA metabolism [48], possibly due to their relatively low expression in the
mitochondria. The oxidative modification of mitochondrial aconitase was reported by some
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investigators [49] but not by others [25,27,46]. In our current study, we did not detect the
oxidative modification of aconitase in MDMA-exposed tissues. The reason for the apparent
discrepancy among these studies is currently unclear. All these results suggest that some
differences exist in the oxidative modifications of protein among different states. Although we
have not tested functional alterations of all the oxidized enzymes that we have identified in
this study, we believe that many of the enzymes and proteins that are oxidatively-modified
following MDMA exposure could be inactivated, as demonstrated (Figs. 3-5). In addition to
oxidative modifications, it is likely that MDMA or its reactive quinone metabolites can directly
interact with or bind many mitochondrial proteins, resulting in their decreased functions, as
recently demonstrated with cytochrome c [20]. Thus, these different modifications of
mitochondrial proteins most likely contribute to mitochondrial dysfunction following MDMA
exposure.

Our results represent a deeper understanding of the mechanism involved in MDMA-mediated
liver damage. For instance, the inhibition of ALDH2 by MDMA is expected to cause
accumulation of toxic acetaldehyde and lipid aldehydes, contributing to cell death. In fact, our
current data showing the increased malondialdehyde level are in agreement with the earlier
results in MDMA-exposed tissues [16,21,50]. In addition, the significant inhibition of the 3-
ketoacyl-CoA thiolase activity involved in the mitochondrial β-oxidation pathway most likely
elevates the level of free fatty acids, which are likely to indirectly elevate triglyceride levels
(Fig. 4). Our current results thus explain the earlier results of fat accumulation following
MDMA exposure [10]. Furthermore, MDMA-related inactivation of 3-ketoacyl-CoA thiolase
may lead to an insufficient supply of ATP produced from the fat degradation pathway,
especially during fasting and states of insufficient glucose utilization [38]. This putative
decrease in ATP level may be further exacerbated by the decreased mitochondrial ATP
synthase activity upon MDMA treatment. Because of the markedly decreased ATP level
resulting from both blockade of the fat degradation pathway and direct inhibition of ATP
synthase, hepatocytes may not properly carry out many cellular functions and may thus
eventually undergo the necrotic cell death process. All these results provide evidence for
MDMA-mediated mitochondrial dysfunction, which leads to liver damage. Our results indicate
that increased oxidative/nitrosative stress following MDMA treatment promotes oxidative-
modifications of many mitochondrial proteins, resulting in suppression of their normal
functions. Functional assays for several other modified proteins identified upon MDMA
treatment are underway.

In conclusion, we have investigated the mechanism of MDMA-induced mitochondrial
dysfunction. Numerous oxidatively-modified mitochondrial proteins from rat livers after acute
MDMA exposure have been identified. We have demonstrated that the oxidative modification
of some of these proteins results in their inactivation. These data suggest that the increased
oxidative/nitrosative stress induced by MDMA promotes oxidation and nitration of various
mitochondrial proteins, leading to mitochondrial dysfunction and hepatic injury, as
summarized in Fig. 6. To our knowledge, our results represent the first report which identifies
specific proteins which are oxidatively-modified and inactivated upon MDMA exposure.
These results enhance our understanding of the molecular mechanisms by which MDMA
causes liver damage. Although we have only studied the mechanism of liver damage in this
study, the molecular mechanism of MDMA-mediated toxicity to other tissues such as brain
and kidney may be very similar to that observed in the liver.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Hepatic damage and oxidative/nitrosative stress are altered following MDMA administration.
(A) Plasma ALT and AST levels, (B) hematoxylin and eosin (H&E) staining (magnification
× 200), with infiltrating immune cells marked with arrows, (C) mitochondrial hydrogen
peroxide production, (D) liver MDA level, (E) NOS activity, and (F) GSH/GSSG ratio were
measured in rat livers exposed with vehicle or MDMA. *significantly different from the
vehicle-treated control (* p< 0.05 and ** p< 0.01).

Moon et al. Page 14

Proteomics. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Detection and identification of oxidatively-modified proteins in vehicle control and MDMA-
exposed rat livers. (A) Increased levels of oxidized mitochondrial proteins in rat liver following
MDMA treatment. Rat liver mitochondria from vehicle control or MDMA-exposed rats were
labeled with biotin-NM. Biotin-NM labeled mitochondrial proteins (20 μg/well) were then
separated on 12 % SDS-PAGE and stained with Coomassie (left) or subjected to immunoblot
analysis (right) using HRP-conjugated monoclonal antibody against biotin (MAb-biotin-HRP).
This figure represents a typical result from three different experiments. (B) The density of the
MAb-biotin-recognized bands in each lane was determined by using a gel digitizing software
(UN-SCAN-IT™, Orem, Utah, USA). The relative density of MDMA-exposed sample was
then calculated by comparing the density of the vehicle lane. *significantly different from the
vehicle-treated control (* p< 0.025). (C) Comparison of oxidized mitochondrial proteins by 2-
DE in vehicle and MDMA-exposed rat livers. Oxidized mitochondrial proteins (10 mg/sample)
from vehicle and MDMA-treated rat liver were labeled with biotin-NM and then purified with
streptavidin-agarose. Purified biotin-NM labeled proteins (0.25 mg/sample) were resolved by
2-DE, and silver stained. Individual protein spots (spots 1-33) with differential intensities were
marked with different numbers, excised out of this particular gel (pH range 3-10), and subjected
to MS analysis following in-gel trypsin digestion for protein identification by mass
spectrometry. This figure represents a typical result from three independent experiments.
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Figure 3.
Reversible inactivation and oxidation of mitochondrial ALDH2 in MDMA-exposed rat livers.
(A) Mitochondrial ALDH2 activities in vehicle and MDMA-exposed rat livers in the absence
or presence of DTT are presented. Before determining the ALDH2 enzyme activity, 12 mM
DTT was added to MDMA-exposed group for 30 min at room temperature (third lane).
*significantly different from the vehicle treated control (*p<0.005); **significantly different
from MDMA-treated group (**p < 0.005). (B) Presence of ALDH2 protein in oxidized
mitochondrial proteins was confirmed by immunoblot analysis. Another part of MDMA-
administration sample was incubated with 12 mM DTT at room temperature for 30 min (lane
3 on left and right panels) before being subjected to biotin-NM labeling. Biotin-NM-labeled
mitochondrial proteins before (left) or after (right) purification with streptavidin-agarose were
analyzed by 1D SDS-PAGE, and then subjected to immunoblot analysis (IB) using the specific
anti-ALDH2 antibody. This figure represents a typical result from at least two different
experiments.
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Figure 4.
Oxidative inactivation of 3-ketoacyl-CoA thiolase in MDMA-exposed rat liver mitochondria
and fat accumulation following MDMA exposure. (A) Mitochondrial 3-ketoacyl-CoA thiolase
activities in vehicle and MDMA-treated rat livers were determined before or after
preincubation of mitochondrial proteins with and without DTT. To reverse the suppressed
enzyme activity, 12 mM DTT was added to the MDMA-treated sample for 30 min at room
temperature (third lane) prior to actual assay. *significantly different from the vehicle samples
(*p< 0.005); **significantly different from the MDMA samples (**p< 0.0005). (B) Presence
of 3-ketoacyl-CoA thiolase protein in oxidized mitochondrial proteins was confirmed by
immunoblot analysis. To reverse the oxidized enzyme, another part of MDMA-exposed sample
was incubated with 12 mM DTT at room temperature for 30 min (lane 3 on left and right panels)
before being subjected to biotin-NM labeling. Biotin-NM-labeled mitochondrial proteins
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before (left) or after (right) purification with streptavidin-agarose were analyzed by 1D SDS-
PAGE, and then subjected to immunoblot analysis (IB) using the specific anti-3-ketoacyl-CoA
thiolase antibody. This figure represents a typical result from at least two different experiments.
(C) Hepatic levels of total triglyceride and cholesterol in vehicle and MDMA-induced rat livers
are presented.
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Figure 5.
Inactivation of ATP synthase and mitochondrial complex I activities in MDMA-exposed rat
liver mitochondria and immunoblot analysis. (A) Mitochondrial ATP synthase activities in
vehicle and MDMA-treated rat livers are presented. *significantly different from the vehicle
control (*p< 0.005). (B) Mitochondrial β-ATP synthase from the vehicle and MDMA-exposed
rat livers in the absence or presence of 0.5 M sodium dithionite were immunoprecipitated with
the specific antibody against β-ATP synthase, separated on 12 % SDS-PAGE, and subjected
to immunoblot analysis using the anti-β-ATP synthase antibody (left) or the anti-3-NT antibody
(right). This figure represents a typical result from three independent experiments. (C) NADH-
ubiquinone oxidoreductase (complex I) activity was measured as described in Materials and
Methods. *significantly different from the vehicle control (*p< 0.005).
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Figure 6.
Schematic diagram of MDMA-mediated liver damage. Hepatic P450 enzymes are responsible
for the metabolism of MDMA, generating reactive metabolites of MDMA and ROS/RNS,
which can lead to an increased level of peroxynitrite. All these reactive metabolites and oxygen/
nitrogen species can decrease the level of GSH while they can increase the level of lipid
peroxides and the oxidative-modification of mitochondrial proteins. The inactivation of key
mitochondrial enzymes following MDMA exposure can lead to mitochondrial dysfunction,
ultimately contributing to acute hepatotoxicity.
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Table 1
Summary of LC-MS/MS peptide sequence analyses for oxidized proteins in MDMA treated rat liver mitochondria

Spot
No Protein Identified

Swiss-Prot
Accession

Detect
No

1 60-kDa Heat shock protein (HSP 60) P63039 79
Stress-70 protein (GRP 75) P48721 11
78-kDa Glucose-regulated protein (GRP 78) P06761 5

2 Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 8
Aldehyde dehydrogenase 2, mitochondrial (ALDH2) P11884 3
Acyl-CoA oxidase 2 P97562 2
Catalase P04762 2
Heat shock protein HSP 90-alpha (HSP 86) P82995 2

3 Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 16
Glutamate dehydrogenase 1 (GDH) P10860 9
Aldehyde dehydrogenase 2, mitochondrial (ALDH2) P11884 2

4 Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 16
Glutamate dehydrogenase 1 (GDH) P10860 14
UDP-glucose pyrophosphorylase 2 Q4V8I9 5
Aldehyde dehydrogenase family 7 member A1 (ALDH7) Q64057 3
Aldehyde dehydrogenase X (ALDH X) Q66HF8 3
Voltage-dependent T-type calcium channel subunit α-1G (VSCC) O54898 2
ATP synthase subunit alpha (α-ATP) P15999 2

5 Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 21
Glutamate dehydrogenase 1 (GDH) P10860 12
UDP-glucose pyrophosphorylase 2 Q4V8I9 8
ATP synthase subunit alpha (α-ATP) P15999 3
Aldehyde dehydrogenase family 7 member A1 (ALDH7) Q64057 2
Aldehyde dehydrogenase X (ALDH X) Q66HF8 2
Cytochrome P450 11B1 P15393 2

6 Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 16
Glutamate dehydrogenase 1 (GDH) P10860 15
Cytochrome P450 11B1 P15393 2
UDP-glucose pyrophosphorylase 2 Q4V8I9 2

7 Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 24
Glutamate dehydrogenase 1 (GDH) P10860 12
UDP-glucose pyrophosphorylase 2 Q4V8I9 5
ATP synthase subunit alpha (α-ATP) P15999 3
Fumarate hydratase P14408 2

8 Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 16
Cytochrome P450 11B1 P15393 3
Fumarate hydratase P14408 3
Cytochrome P450 19A1 P22443 2

9 Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 17
Cytochrome P450 11B1 P15393 2

10 3-Ketoacyl-CoA thiolase P13437 7
Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 6
Acetyl-CoA dehydrogenase, short chain Q6IMX3 3
Glutamate dehydrogenase 1 (GDH) P10860 2
Long-chain specific acyl-CoA dehydrogenase P15650 2

11 3-Ketoacyl-CoA thiolase P13437 12
Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 8
Glutamate dehydrogenase 1 (GDH) P10860 4
Fumarate hydratase P14408 3
Acetyl-CoA acetyltransferase P17764 2
Medium-chain specific acyl-CoA dehydrogenase P08503 2

12 3-Ketoacyl-CoA thiolase P13437 1
13 Probable oxidoreductase Q68FT3 4

3-Ketoacyl-CoA thiolase P13437 3
Acetyl-CoA dehydrogenase, short chain Q6IMX3 3
Protein disulfide-isomerase A6 precursor Q63081 3
3-Ketoacyl-CoA thiolase A, peroxisomal P21775 2
Peroxisomal delta3, delta2-enoyl-CoA isomerase Q5XIC0 2

14 Acetyl-CoA dehydrogenase, short chain Q6IMX3 4
3-Ketoacyl-CoA thiolase P13437 3
Peroxisomal delta3, delta2-enoyl-CoA isomerase Q5XIC0 3
Glutamate dehydrogenase 1 (GDH) P10860 2
Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 2

15 60-kDa Heat shock protein (HSP 60) P63039 4
16 60-kDa Heat shock protein (HSP 60) P63039 10

ATP synthase subunit beta (β-ATP) P10719 2
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Spot
No Protein Identified

Swiss-Prot
Accession

Detect
No

17 Glutamate dehydrogenase 1 (GDH) P10860 4
Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 2

18 Enoyl-CoA hydratase P14604 6
19 Enoyl-CoA hydratase P14604 9

Glutamate dehydrogenase 1 (GDH) P10860 2
20 Electron transfer flavoprotein subunit beta (β-ETF) Q68FU3 9

3-Hydroxyacyl-CoA dehydrogenase 2 O70351 7
Enoyl-CoA hydratase P14604 6
Glutamate dehydrogenase 1 (GDH) P10860 5

21 Enoyl-CoA hydratase P14604 4
Glutamate dehydrogenase 1 (GDH) P10860 2

22 Enoyl-CoA hydratase P14604 5
Heat shock protein 75 kDa (HSP 75) Q5XHZ0 4
3-Hydroxyacyl-CoA dehydrogenase 2 O70351 3

23 Enoyl-CoA hydratase P14604 5
24 Enoyl-CoA hydratase P14604 5
25 Enoyl-CoA hydratase P14604 2
26 ATP synthase subunit alpha (α-ATP) P15999 14

Glutamate dehydrogenase 1 (GDH) P10860 2
27 ATP synthase subunit alpha (α-ATP) P15999 8

Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 2
28 ATP synthase subunit alpha (α-ATP) P15999 9
29 ATP synthase subunit alpha (α-ATP) P15999 6

ATP synthase D chain P31399 2
30 ATP synthase subunit alpha (α-ATP) P15999 7
31 Glutamate dehydrogenase 1 (GDH) P10860 3

Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 3
32 Methylmalonate-semialdehyde dehydrogenase (ALDH6) Q02253 2
33 60-kDa Heat shock protein (HSP 60) P63039 21

Cytochrome b5 P00173 5
Glutamate dehydrogenase 1 (GDH) P10860 2
10-kDa Heat shock protein (HSP 10) P26772 2
DNA polymerase subunit gamma 1
(Mitochondrial DNA polymerase catalytic subunit) Q9QYV8 2

Biotin-NM labeled oxidized proteins were isolated with streptavidin-agarose, washed, resolved on 2-D gels, and stained with silver. Each protein spot as
indicated was picked up with a razor blade and subjected to protein identification using mass spectrometric analysis, as described in the Experimental
Procedures and Supplementary Table 1.
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