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ABSTRACT

Preclinical and clinical studies indicate that 3,4-methylenedioxymethamphetamine (MDMA;
‘ecstasy’), in addition to having abuse potential, may elicit acute and persistent
abnormalities of varying severity at the central level. Importantly, neurotoxic effects of
MDMA have been demonstrated in experimental animals. Accordingly, central toxicity
induced by MDMA may pose a serious harm for health, since MDMA is among the
substances that are used for recreational purposes by young and adult people. This
review provides a concise overview of recent findings from preclinical and clinical studies
that evaluated the central effects of MDMA, and the mechanisms involved in the
neurotoxicity induced by this amphetamine-related drug.

1. Introduction

The psychostimulant 3,4-methylenedioxymethamphetamine (MDMA; ‘ecstasy’) is an
amphetamine-related drug that possesses abuse liability and is used for recreational
purposes, especially among young adults. The European drug report, 2017 released from
the European monitoring centre for drugs and drug addiction (EMCDDA) in 2017, reported
that MDMA abuse is increasing and nowadays it is not only limited to people attending
dance clubs and parties, as happened since the early 1980s, but includes a broad range
of mainstream nightlife settings, including bars and house parties. These data confirm the
findings by pioneering investigations by Siegel (1986), who reported that the majority of
individuals taking MDMA were experimental users, who used the drug for a maximum of
ten times and in social situations, and reported their use of MDMA to be driven by their
curiosity about the drug and the expectancy of acute positive effects of the drug on the
emotional state. The positive and untoward effects of MDMA vary according to the dose,
frequency and duration of the use. In general, low doses of MDMA taken in single
occasions induce acute positive effects on the emotional state (Moratalla et al., 2017), that
include euphoria, arousal, relaxation, increased sociability and closeness with others
(Holze et al., 2020). Nevertheless, MDMA may also induce untoward effects whose
manifestation and severity may be influenced by a multitude of environmental and
pharmacokinetics factors (Hall and Henry, 2006). Although the acute untoward effects of
MDMA are well characterized in both humans and experimental animals (Table 1), several
controversies exist about the long-term noxious effects elicited by the repeated exposure
to MDMA in heavy users, particularly with regard to the effects that involve the
manifestation of neurotoxicity in the central nervous system (CNS) (Table 2). In fact,
different mechanisms and factors appear to be involved in the long-term noxious effects of
MDMA, as indicated by findings in experimental animals demonstrating that the
appearance of these effects, in particular neurotoxicity, is influenced not only by drug-
related factors, such as dose, routes, and regimens of MDMA administration (Baumann et
al., 2009; Shokry et al., 2019), but also by factors such as the species (Stone et al., 1987;
Logan et al., 1988), age (Reveron et al., 2005; Frau et al., 2016a; Feio-Azevedo et al.,
2018; Costa et al., 2019; Chitre et al., 2020), and gender of animals (Pardo-Lozano et al.,
2012; Costa et al., 2019), as well as the body temperature (Chen et al., 2020), and the
setting of the environment where MDMA is administered (De Win et al., 2004; Piper and
Meyer, 2004; Schilt et al., 2010; Price et al., 2014; Shokry et al., 2019). This review
provides a concise overview of recent findings obtained in preclinical and clinical studies
that evaluated the noxious effects of MDMA use, with particular regard to neurotoxicity and
its underlying mechanisms.

2. Pharmacological effects of MDMA
2.1. Acute effects of MDMA on serotonin (5-HT) and dopamine (DA)
release



Studies in experimental animals have demonstrated that the serotonergic and
dopaminergic (DAergic) pathways are the main target of MDMA (Green et al., 2003).
MDMA can interact, either directly or indirectly, with the 5-hydroxytryptamine (5-HT)
transporter (SERT) and the dopamine (DA) transporter (DAT) (Verrico et al., 2007), to
stimulate the efflux of 5-HT (Green et al., 2003; Moratalla et al., 2017) and DA from
presynaptic vesicles in the caudate-putamen (CPu) and prefrontal cortex (PFC) (Nash,
1990; Baumann et al., 2007); notably, this effect is also displayed by the 3,4-
methylenedioxyamphetamine (MDA), the major metabolite of MDMA. Moreover, MDMA
and MDA can decrease the activity of tryptophan hydroxylase (TPH) (Schmidt and Taylor,
1987; Stone et al., 1987), an enzyme involved in the synthesis of 5-HT. The possibility that
MDMA affects the levels of SERT and the densities of 5-HT receptors in humans is
disputed, since the studies performed so far have been mostly characterized by marked
methodological heterogeneity (i.e., in the dosages of MDMA used and with regard to the
intake of drugs other than MDMA) and by small sample sizes (Mueller et al., 2016).
Nevertheless, evidence exists to suggest that that the interaction of MDMA with SERT,
and the subsequent release of 5-HT, could be responsible for most of the physical and
psychological effects of MDMA in humans (Liechti et al., 2000). This hypothesis may be
supported by data obtained in experimental animals that the pharmacological blockade of
SERT with fluoxetine (Schmidt, 1989; Malberg et al., 1996; O’Shea et al., 2001), reduces
the ability of MDMA to release 5-HT from terminals. Similar findings have been obtained in
experimental animals after the blockade of DAT with cocaine, or its analogues, which
resulted in a reduced release of DA (Camarero et al., 2002; Peraile et al., 2010).
Nevertheless, MDMA appears to act mainly on the serotonergic system in the human
brain; accordingly, it is still disputed whether acute consumption of MDMA may affect the
DAT in humans (Vizeli and Liechti, 2019).

2.2. Persistent effects of MDMA on 5-HT and DA after repeated exposure or intake of high
doses

As mentioned above, controversies exist in the characterization of the long-term central
untoward effects elicited by the repeated exposure to MDMA, both in human heavy users
and in experimental animals. Despite the large amount of studies that suggest the
occurrence of neurotoxic brain damages in experimental animals repeatedly treated with
MDMA, some authors have hypothesized that MDMA may be able to down-regulate 5-HT
and SERT without causing overt neuronal damage (Kish, 2002; Biezonski and Meyer,
2010; Kivell et al., 2010; Vegting et al., 2016), thus questioning the existence of neurotoxic
effects of MDMA. In this regard, it should be considered that many studies in experimental
animals generally employ a binge-like dosing regimen, and often do not perform an
evaluation of the persistent/delayed serotonergic and/or DAergic modifications induced by
MDMA, which may become fully evident long after drug discontinuation (Green et al.,
2009). Regarding the effects of MDMA on the serotonergic system, studies in rats and
non-human primates have demonstrated that a single administration of MDMA may reduce
the levels of striatal, limbic and cortical 5-HT, an effect that usually recover within 24 h
from drug administration, and may decrease the activity of TPH, an effect that usually
recovers after longer times (Commins et al., 1987; Lyles and Cadet, 2003). Nevertheless,
prolonged and/or repeated exposure to MDMA can cause long-term abnormalities in the
serotonergic system of rodents and non-human primates, such as a decrease in the levels
of hypothalamic, striatal, limbic and cortical 5-HT and its major metabolite, 5-
hydroxyindoleacetic acid (5-HIAA) (Commins et al., 1987; Schmidt, 1989; Molliver et al.,
1990; Cox et al., 2014), reduced SERT density (Biezonski and Meyer, 2010), and a drop in
the activity of TPH (De Souza et al., 1990; Molliver et al., 1990). Importantly, these
changes have been shown to be persistent, as they could be observed months or even



years after drug discontinuation, both in rats (Battaglia et al., 1987; De Souza et al., 1990;
Molliver et al., 1990; Cox et al., 2014) and non-human primates (Ricaurte et al., 1988;
Ricaurte and McCann, 1992). In this regard, non-human primates have been found to be
very sensitive to the noxious effects of MDMA in the brain. Indeed, it has been
demonstrated that non-human primates repeatedly treated with MDMA exhibit depletions
of 5-HT and 5-HIAA in different brain regions, such as somatosensory cortex, caudate
nucleus, putamen, hippocampus, hypothalamus, and thalamus, as well as in the
cerebrospinal fluid (CSF) (Ricaurte et al., 1988; Insel et al., 1989). Moreover, non-human
primates repeatedly treated with MDMA have been found to display reduced SERT density
when evaluated one year after drug discontinuation by means of positron emission
tomography (PET) imaging for [11C]McN-5652, a radioligand that selectively binds to
SERT (Scheffel et al., 1998). Several investigations have also tested the possibility that
MDMA can cause serotonergic abnormalities in the human brain. A recent review has
summarized the results obtained in imaging studies performed over the last 20 years,
concluding that heavy MDMA consumption may be associated with reduced SERT density
in several brain regions (i.e., parietal, temporal and occipital lobe, anterior and posterior
cingulate cortices, thalamus, and hippocampus) (Muller et al., 2019); nevertheless, it
cannot be ruled out that the reduction in SERT density may be reversible, as hypothesized
by other authors (Buchert et al., 2006). Regarding the effects of MDMA on the DAergic
system, it is noteworthy that most of the studies available in this respect have been
performed in mice. Thus, MDMA elicits a peculiar profile of neurotoxicity in this species
that scarcely affects the serotonergic systems while heavily impacting the DAergic
nigrostriatal and mesolimbic systems (Colado et al., 2001; Green et al., 2003; Cadet et al.,
2007; Granado et al., 2008; Moratalla et al., 2017; Costa et al., 2017, 2021a). Acute
MDMA oral administration was found to decrease striatal DA content when administered at
25 °C but not 4 -C (Mueller et al., 2013). Repeated administration of MDMA in mice
decreased the levels of both DA and DAT in the CPu (lravani et al., 2000; Colado et al.,
2001; Camarero et al., 2002; Green et al., 2003; Cadet et al., 2007; Costa et al., 2013,
2017; Halpin et al., 2014), as well as the immunoreactivity for tyrosine hydroxylase (TH),
the rate-limiting enzyme for DA synthesis, in both the CPu and substantia nigra pars
compacta (SNc) (Granado et al., 2008; Moratalla et al., 2017; Costa et al., 2017). The
elicitation of DAergic damage by MDMA has long been envisaged as an effect peculiar to
mice; however, recent evidence suggests that the repeated administration of MDMA may
be toxic for the DAergic system of rats (Cadoni et al., 2017) and non-human primates
(Millot et al., 2020) as well. In the study of Cadoni et al. (2017), the exposure of rats to
multiple injections of MDMA at adolescence induced DAergic damage that was evident at
adulthood and consisted in reduced numbers of TH-positive neurons in both the SNc and
ventral tegmental area (VTA), and in decreased immunoreactivity for TH and DAT in the
CPu and nucleus accumbens (Cadoni et al., 2017). Millot et al. (2020) first repeatedly
treated non-human primates with MDMA then, after a 5-months washout, they
administered the same animals with the DAergic neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), which is able to induce in experimental animals (i.e., mice and
non-human primates) nigrostriatal DAergic degeneration and motor deficits akin to those
featuring Parkinson’s disease (PD). Interestingly, this study revealed that repeated MDMA
administration reduced the availability of DAT in the caudate nucleus and in the putamen,
evaluated by means of magnetic resonance imaging techniques that employed the
[11C]PE2I (11C-N-(3-iodoprop-2E-enyl)-2beta-carbomethoxy-3beta-(4-
methylphenyl)nortropane ligand (Millot et al., 2020). Moreover, and importantly, the same
study found that prior exposure to MDMA aggravated MPTP-induced parkinsonism in non-
human primates (Millot et al., 2020). These data obtained in non-human primates are of
particular relevance, considering their translational potential to the human setting (Harding,



2017; Smith and Galvan, 2018). Interestingly, a similar detrimental interaction between
MDMA and the DAergic neurotoxin MPTP has been previously demonstrated by our group
in C57BL/6J mice, where the repeated exposure to MDMA during adolescence was found
to exacerbate the nigrostriatal, cortical and limbic DAergic damage, as well as glia
activation and recognition memory deficits that were induced by MPTP administered at
adulthood (Costa et al., 2013, 2014). The use of illicit psychostimulants has been
associated with the presence of abnormal SNc morphology and with increased risk of PD
(Tai et al., 2011; Todd et al., 2013). Indeed, a possible link between MDMA use and
manifestation of PD has been hypothesized several years ago (Kish, 2003; Deik et al.,
2012), based on case-reports of juvenile parkinsonism in MDMA users (Mintzer et al.,
1999; O’Suilleabhain and Giller, 2003; Kuniyoshi and Jankovic, 2003). Additionally,
McCann et al. (1994) identified a reduction in the DA metabolite homovanillic acid in the
CSF of female, but not male, MDMA users, suggestive of possible abnormalities in
DAergic systems. Furthermore, metabolomic analysis of plasma samples obtained from
individuals who took a single MDMA dose found that calcitriol was decreased after MDMA
intake (Boxler et al., 2018). Calcitriol is the active metabolite of vitamin D3, and is able to
upregulate trophic factors, including the glial cell line-derived neurotrophic factor, thus
eliciting protective effects on DAergic neurons (Cass et al., 2006). Hence, the ability of
MDMA to reduce the levels of calcitriol could provide further support to the hypothesis that
this amphetamine-related drug may induce DAergic damage in humans. Nevertheless, as
of today no convincing evidence exists to unequivocally demonstrate that MDMA use may
damage DA neurons and/or terminals in humans (Gerra et al., 2002; Vegting et al., 2016).

Other long-term detrimental effects of MDMA use in humans that are frequently described
include cognitive deficits, psychiatric disturbances and the development of tolerance to the
pleasurable effects of the drug on the emotional state (Table 2). Recent reviews of the
existing literature have suggested that heavy MDMA users are impaired in several
cognitive domains, as compared with MDMA-naive individuals (Garg et al., 2015;
Amoroso, 2019). These deficits appear particularly evident for verbal learning, attention,
and working memory (Pantoni and Anagnostaras, 2019; Mead and Parrott, 2020),
whereas the data available does not consistently demonstrate the existence of detrimental
effects of MDMA on other cognitive domains. Moreover, heavy MDMA users frequently
complain for the presence of psychiatric disturbances, such as depressed mood, an effect
that has been reported to be present up to three weeks after drug intake (Gerra et al.,
1998), and anxiety. Finally, regular MDMA users often report diminished responsiveness
to the pleasurable effects of the drug and a consequent need for dose escalation, implying
the development of tolerance (Mead and Parrott, 2020). To summarize, most of the
experimental evidence suggesting the existence of MDMA-induced neurotoxicity, cognitive
and psychiatric dysfunctions and tolerance results from studies performed in heavy
recreational users. While it seems plausible that heavy MDMA use may lead to certain
neural and behavioral toxic effects, it is important to remark that there is still insufficient
evidence to conclude that low to moderate MDMA use is detrimental to human brain
structure/function.

3. Mechanisms of neurotoxicity induced by MDMA

Independent investigations have proposed different mechanisms that may be responsible
for the neurotoxic effects of MDMA. As of today, the relative importance of the different
mechanisms that may underlie the neurotoxicity induced by MDMA is still disputed;
moreover, it may be speculated that only the occurrence of synergistic interactions among
different mechanisms of toxicity may fully explain the noxious effects elicited by MDMA in
the CNS. The available evidence suggests that, among the mechanisms that are most
likely to be involved in MDMA-induced neurotoxicity, there are the generation of toxic



metabolites of MDMA, the increase in oxidative stress and DA-based quinones, the
occurrence of mitochondrial dysfunction, the activation of glial cells and the occurrence of
excitotoxic events, the induction of hyperthermia. The available data supporting a role of
these mechanisms in MDMA-induced toxicity are summarized in the remainder of this
review.

3.1. Role of MDMA toxic metabolites

As local injections of MDMA into various regions of the rodent CNS fail to recapitulate the
neurotoxicity that is observed following the systemic administration of MDMA, several
investigations have explored the possibility that MDMA-induced neurotoxicity stems from
the generation of toxic metabolites. Metabolism of MDMA may involve a reaction of O-
demethylation with formation of MDA, which is subsequently converted into 3,4-
dihydroxyamphetamine (also known as a-methyldopamine, a-MeDA); alternatively, MDMA
can undergo a reaction of N-demethylation with formation of 3,4-
dihydroxymethamphetamine (HHMA) (Fig. 1). a-MeDA and HHMA can be further
metabolized by catechol-O-methyltransferase (COMT) to 3-methoxy-4-
hydroxyamphetamine (HMA) or to 3-methoxy-4-hydroxymethamphetamine (HMMA),
respectively (reviewed by Green et al., 2003) (Fig. 1). a-MeDA is a catecholic compound
that can be oxidized to the corresponding ortho-quinone, which is a highly redox-active
molecule (Conway et al., 1978), that can be further oxidized leading to the synthesis of
reactive oxygen species (ROS) and reactive nitrogen species (RNS), hence it might be
involved in the manifestation of MDMA neurotoxicity. Support to this hypothesis is provided
by the evidence that the intracerebroventricular injection of a-MeDA into the rat brain
produces short-term alterations in the DAergic, serotonergic, and noradrenergic systems
(Miller et al., 1996, 1997). However, and interestingly, other studies found that local
injections of HHMA-derived metabolites into the rat brain failed to reproduce the neurotoxic
effects observed after the peripheral administration of MDMA (Mueller et al., 2011).

As described in detail in the next paragraph, 5-HT may form metabolites able to cause
selective 5-HT neuronal damage. Collectively, these data support the hypothesis that the
formation of toxic products may be a mechanism that participates in the neurotoxic effects
of MDMA, but they also suggest that such a mechanism predominantly involves those
metabolites that can be converted into quinones.

3.2. Role of oxidative stress and DA-based quinones

Oxidative stress is defined as an imbalance between the production of ROS and the
activity of the antioxidant defense systems. ROS is a collective term that includes not only
oxygen radicals (i.e., superoxide and hydroxyl radical), but also certain non-radical species
that possess oxidizing properties (i.e., hydrogen peroxide and peroxynitrite). Importantly,
the production of ROS can take place not only in the endoplasmic reticulum and
mitochondria (Turrens, 2003), but it may also arise from the cytoplasmatic autoxidation of
non-radical species that possess a catecholic ring, such as DA. DA is a chemically stable
molecule only when inside the synaptic vesicle. Several studies have corroborated the
idea that the effects of MDMA on the release of 5-HT and DA interact to engender
neurotoxicity. Thus, DA released by MDMA may enter the 5-HT terminals through the
SERT, and then it can be oxidized by monoamine oxidase (MAQO) type B enzyme therein,
leading to the generation of ROS (Sprague et al., 1998). Moreover, MDMA promotes DA
exocytosis and this effect may be exacerbated by hyperthermia (LaVoie and Hastings,
1999), which is also elicited by MDMA (see below), as well as by the co-administration of
dopaminomimetic agents such as 3,4-dihydroxy-I-phenylalanine (L-DOPA) (Barros-
Minones et al., 2015). The possible involvement of DA release in the neurotoxic effects of
MDMA may be explained by the fact that cytosolic DA can be oxidized to reactive
quinones, either spontaneously or enzymatically (Stokes et al., 1999).



Thus, DA can autoxidize in the presence of metal ions, such as Cu2+, Mn2+, Fe3+, or of
copper and ferric chelates; alternatively, DA can be oxidized in physiological conditions by
the action of oxidative enzymes, such as xanthine oxidase, peroxidases, lipoxygenases,
and copper-containing catechol oxidases (Meiser et al., 2013). We have recently
demonstrated that MDMA can activate antioxidant enzymes and that sex differences exist
in the antioxidant systems that are triggered in the nigrostriatal pathway in response to the
neurotoxic damage induced by MDMA (Costa et al., 2021b). Indeed, we found that
nigrostriatal dopaminergic neurons of male mice are more sensitive to the toxic effects
mediated by the mitochondrial isoform 2 of superoxide dismutase (SOD2), than to the toxic
effects mediated by the cytoplasmatic SOD1 (Costa et al., 2021b). These results are in
line with previous findings showing that MDMA administration increases the activity of
SOD in mice (Peraile et al., 2013), and that the genetic overexpression of the SOD1
isoform protected mice from the neurotoxic damage induced by MDMA (Jayanthi et al.,
1999). Regarding the mechanisms responsible for the neuronal death elicited by MDMA,
since O-quinone intermediates are Michael acceptors, it is possible that toxicity can occur
through alkylation of crucial cellular proteins and/or DNA. It has been also postulated that
disfunctions at the level of the NO system can drive neuronal death processes, and
dysfunctions in the NO system have been observed in rodents treated with MDMA
(Taraska and Finnegan, 1997; Cadet, 1999; ltzhak and Ali, 2006; Moncada and Bolanos,
2006; Costa et al., 2018). Thus, MDMA-administration significantly increase the formation
of NO, as well as nitrated proteins bearing the nitrotyrosine modification, in the rat
striatum. The nitration of tyrosine particular appears of relevance to MDMA-mediated
neurotoxicity, since this aminoacid is essential to the functioning of 5-HT or DA terminals
(Quinton and Yamamoto, 2006). Taken together, metabolic processes that lead to the
formation of quinones, ROS, RNS (Halliwell, 1992; Bolton et al., 2000; de Bragancga et al.,
2017) and/or toxic oxidation products may represent a key factor responsible for the
DAergic neurotoxicity exerted by MDMA. For instance, DA quinones can activate microglia
(Kuhn et al., 2006), and they can interact with DAT and TH (LaVoie and Hastings, 1999;
Whitehead et al., 2001), mitochondrial complexes | and IV (Berman and Hastings, 1999),
and proteasome (Zafar et al., 2006), with potential deleterious effects for neuronal
homeostasis (Fig. 2). Thus, activated microglia releases pro-inflammatory mediators, as
detailed below.

Moreover, DA quinones covalently bind to TH and DAT, thus inhibiting the function of
these proteins, and they can also disrupt mitochondrial respiration in the brain (Berman
and Hastings, 1999). Furthermore, inhibition of proteasome may lead to the accumulation
of misfolded proteins and their aggregation, causing DAergic cell demise (Zhou and Lim,
2009). In addition to DA autoxidation, the increase in oxidative stress elicited by MDMA
may also stem from the oxidation of 5-HT (Fig. 3). Thus, as mentioned above, MDMA
releases 5-HT which may be oxidized to hydrogen peroxide, an effect resulting in the
subsequent formation of hydroxyl radical (Heuther et al., 1990). Besides, 5-HT may be
oxidized to form metabolites that are thought to cause selective 5-HT neuronal damage,
such as 5,7-dihydroxytryptamine (5,7-DHT). Indeed, the intracerebroventricular
administration of 5,7-DHT in the PFC of rats has been found to deplete 5-HT and SERT
and to persistently increase the levels of markers of astrocyte activation, such as heat
shock protein 32 (Wang et al., 2005) and glial fibrillary acidic protein (GFAP) (Wang et al.,
2005; Baumann et al., 2007). Interestingly, it has been demonstrated that reactive
astrocytes, which are activated as a consequence of the release of pro-inflammatory
mediators from activated microglia, lose the ability to promote neuronal survival,
outgrowth, synaptogenesis and phagocytosis, being instead able to promote the death of
neurons and oligodendrocytes (Liddelow et al., 2017).



It is now well accepted that an increase in the levels of ROS contributes to a number of
pathological processes in the CNS such as, for example, aging (Stefanatos and Sanz,
2018), apoptosis (Redza-Dutordoir and Averill-Bates, 2016), and cellular injury during
ischemia and reperfusion (Yang et al., 2019). Since 1990s, several lines of preclinical
evidence have accumulated to support the possibility that the formation of ROS is among
the mechanisms that sustain MDMA-induced DAergic and serotonergic neurotoxicity.
Thus, data obtained in rats have shown that repeated MDMA administration increases the
formation of hydroxyl radicals (Colado et al., 1997, 1999a, 1999b; Shankaran et al.,
1999a, 1999b). Interestingly, Shankaran et al. (1999a) demonstrated that the ability of
repeated MDMA administration to increase the generation of hydroxyl radicals in the CPu
of rats paralleled the rise in the extracellular concentration of striatal DA (Shankaran et al.,
1999a), which may undergo oxidation, as previously explained. Interestingly, the same
group evaluated, after repeated MDMA, the extracellular concentration of striatal 2,3-
dihydroxybenzoic acid, as an index of hydroxyl radical generation. Results obtained
showed that MDMA increased the levels of 2,3-dihydroxybenzoic acid, which were
reduced by treatment with fluoxetine, that attenuated also the striatal 5-HT depletion
(Shankaran et al., 1999b). Finally, it has been widely demonstrated that certain
psychoactive substances, when administered together with MDMA, may enhance the pro-
oxidant effects of this amphetamine-related drug and also lead to an exacerbation of
neurotoxicity. Hence, the co-administration of caffeine has been found to potentiate the
release of DA induced by MDMA in the mouse CPu (G” orska et al., 2018); given the auto-
oxidizing properties of DA, this effect could underlie the increase in DAergic damage that
has been observed in the mouse nigrostriatal system after the combined administration of
caffeine and MDMA, compared with MDMA alone (Frau et al., 2016b). Conversely, the
combined administration of antioxidant molecules (Mehdizadeh et al., 2012; Shih et al.,
2016), as well as of free radical scavengers (Colado et al., 1999a), has been found to curb
the neurotoxic effects that MDMA elicits in the serotonergic system of rats.

Preclinical studies have demonstrated that the pro-oxidant effects of MDMA may also
result in increased lipid peroxidation in serotonergic nerve terminals, which has been
demonstrated in the PFC, hippocampus and CPu of experimental rodents repeatedly
treated with MDMA (Sprague and Nichols, 1995; Alves et al., 2009; Peraile et al., 2013;
Budzynska et al., 2018). Moreover, repeated treatment with MDMA has been found also to
affect the integrity of DNA in the hippocampus (Frenzilli et al., 2007) and nigrostriatal
system (Fornai et al., 2004) of mice. The detrimental effects of MDMA on DNA integrity
have been manifested as single- and double—strand breaks and, interestingly, they have
been found to persist even after the exhaustion of oxidative stress vanished, as shown in
the mouse hippocampus by Frenzilli et al. (2007) and also by our group in the mouse PFC
(G™ orska et al., 2018) and in the rat PFC and hippocampus (Fig. 4).

Taken together, the preclinical evidence available would strongly support the possibility
that increased oxidative stress participates in the neurotoxic effects of MDMA.
Nevertheless, to our knowledge, the ability of MDMA to induce oxidative events in humans
has been demonstrated in plasma samples only (Zhou et al., 2003), which claims for
further investigations aimed at clarifying whether MDMA may increase the levels of
oxidative stress in the CNS of humans and whether such an effect may eventually lead to
neuronal damage.

3.3. Role of mitochondrial dysfunction

Repeated MDMA administration has been demonstrated to inhibit the complex | of the
electron transport chain (Puerta et al., 2010), thus impairing the mitochondrial respiration
and eventually leading to an increased production of ROS. Building on this evidence,
several studies have investigated neuroprotective strategies that may prevent the



mitochondrial damage induced by MDMA. In this regard, it has been shown that the
inhibition of DA metabolism with pargyline, a MAO inhibitor, afforded a significant
protection against the inhibition of complex | induced by MDMA and the associated
neurotoxicity (Barros-Minones et al., 2015). Moreover, another study found that physical
exercise attenuated the increase in ROS production induced by a single administration of
MDMA in mitochondria isolated from rat brain, along with mitochondria swelling, damage
of the mitochondrial outer membrane damage, and amount of cytochrome c released from
mitochondria (Taghizadeh et al., 2016). Although preclinical studies suggest that
mitochondrial dysfunction may play an important role in the neurotoxic effects of MDMA,
the importance of this mechanism in the toxic effects of MDMA in humans is ill defined and
further studies in this respect are warranted.

3.4. Role of glial cells and excitotoxic events

In the CNS, glial cells, and particularly microglial cells and astrocytes, play a key protective
and supporting role for neurons (Fetler and Amigorena, 2005; Belanger and Magistretti,
2009). In physiological conditions, microglial cells exist in a resting state, but in response
to an insult they immediately increase in size, migrate to the site of injury and release pro-
inflammatory mediators, such as cytokines.

In the long term, microglia activation is a neuroprotective event, as it results in the
phagocytosis of dying and dead cells (Kreutzberg, 1996; Badoer, 2010; Kettenmann et al.,
2013). A rapid activation of microglia paired with an increase in IL-138 concentrations has
been demonstrated in the cortex and hypothalamus of rats after a single MDMA
administration (Orio et al., 2004). Moreover, subsequent studies have confirmed the ability
of MDMA to rapidly activate microglia, by demonstrating that experimental rodents
repeatedly treated with MDMA displayed increased microglia activation in cortical and
limbic brain areas (Costa et al., 2014; Herndon et al., 2014a). A crucial point in
understanding the interplay between the microglia activation and the neurotoxicity elicited
by MDMA is the fact that the cytokines that are produced during microglia activation can
activate glutamate neurotransmission, and in turn promote excitotoxicity (Zou and Crews,
2005). In this regard, it is noteworthy that a previous study in rats has demonstrated that
microglia activation observed in the hippocampus after repeated exposure to MDMA
correlated with the increase in extracellular glutamate in the same region (Anneken and
Gudelsky, 2012).

Astrocytes are other major glia cells that are involved in the reuptake of glutamate
released at the synaptic level, thus optimizing neuronal function and preventing glutamate
excitotoxicity (Anderson and Swanson, 2000). Astrocytes are a second line of defense for
the CNS and, similar to microglia, they undergo morphological and functional changes in
response to insults (Sofroniew and Vinters, 2010; Scuderi et al., 2013; Rossi, 2015).
Reactive astrocytes are characterized by hypertrophy of their cellular processes and
altered expression of many genes including the up-regulation of GFAP (Liddelow and
Barres, 2017). Interestingly, Thomas et al. (2004) found that not only MDMA was able to
increase microglia activation in the mouse brain, but also that MDMA increased GFAP
staining. As explained above, reactive astroglia may contribute to neuronal death
(Liddelow et al., 2017), corroborating the idea of a link between glial cells activation and
neurotoxicity. The study of Thomas et al. (2004) also found that amphetamine-related
drugs that are devoid of neurotoxic effects, such as I-methamphetamine, fenfluramine, and
2,5-dimethoxy-4-iodoamphetamine, failed to increase GFAP staining and to induce
microglial activation in mice (Thomas et al., 2004). Thus, these findings further indicate
that both microglia and astroglia are critically involved in the neurotoxic effects of MDMA.
We and others have demonstrated that in mice the repeated administration of MDMA
induces activation of glia cells in the nigrostriatal DAergic system that may be associated



with neurotoxicity (Granado et al., 2008; Khairnar et al., 2010; Ruiz-Medina et al., 2011;
Costa et al., 2013; Frau et al., 2013, 2016a, 2016b). Crucial factors in MDMA-induced glia
activation and associated neurotoxicity appear to be age and gender of the animals, as
well as the environmental setting (i.e., crowding and temperature) where MDMA is
administered (Lopez- Rodriguez et al.,, 2014; Frau et al., 2016a; Costa et al., 2019).
Moreover, other studies have shown that glia activation and neurotoxicity induced by
MDMA in the DAergic nigrostriatal system may be influenced by drugs that are given
concomitantly with MDMA. For example, experimental rodents treated with MDMA in
combination with caffeine or A9-tetrahydrocannabinol have been shown to display an
exacerbation of proinflammatory and neurotoxic effects in the DAergic nigrostriatal tract,
compared with MDMA alone (Khairnar et al., 2010; Lopez-Rodriguez et al., 2014; Frau et
al., 2016b; G” orska et al., 2018).

Understanding the role of glia in the noxious central effects of MDMA in humans is difficult,
since only few studies exist that examined the modifications involving the immune
response to MDMA administration in humans (Pacifici et al., 1999, 2001a, 2001b, 2002).

3.5. Role of hyperthermia

As reported in Table 1, the induction of hyperthermia is a common acute untoward effect
of MDMA administration in experimental animals and humans. A major factor that
influences the manifestation of hyperthermia is the dose of MDMA: low/moderate doses
have little effect, whereas high or repeated doses cause a marked increase in body
temperature that can degenerate in hyperpyrexia, which may be lethal (Parrott, 2012;
Jahns et al., 2018). Among the other factors that should be taken into account when
considering the hyperthermic effects of MDMA is the environmental setting where the drug
is experienced. Indeed, it has been suggested that social crowding, as the one occurring
in dance clubs, house parties and bars (Bedi and Redman, 2006), together with loud
music (Gesi et al., 2004), may act as factors that promote the manifestation of
hyperthermia, although the impact of these factors on body temperature are harder to
investigate in human users, compared with experimental animals. Nevertheless,
independent preclinical studies in experimental rodents have demonstrated that neurotoxic
and/or neuroinflammatory effects of MDMA may be exacerbated by hyperthermia, as well
as by drug experience in setting that involve environmental high temperatures and/or cage
crowding (Goni-Allo et al., 2008; Takamatsu et al., 2011; Frau et al., 2013, 2016a). In line
with these findings are the results of other preclinical studies that involved the
administration of MDMA at low ambient temperatures (Goni-Allo et al., 2008; Adori et al.,
2011), or the co-administration of MDMA with compounds able to lower the body
temperature (Tourino et al., 2010), that found a reduced neurotoxicity of MDMA in these
experimental conditions, as compared with standard experimental settings.

A review recently published by Vercoulen and Hondebrink (2021) analyzed the literature
from in vitro, animal and human studies concerned with the co-administration of MDMA
and alcohol, revealing that alcohol seems to decrease body temperature, although the
influence of this effect on MDMA pharmacokinetics appears unclear (Vercoulen and
Hondebrink, 2021). Interestingly, evidence exists to suggest that the COMT enzymes may
be an important player in the regulation of the hyperthermic response to MDMA and, in
turn, of the neurotoxic effects of this amphetamine-related drug. In fact, the
pharmacological inhibition of COMT in the rat has been found to potentiate the
serotonergic deficits induced by MDMA and to exacerbate the hyperthermic response to
MDMA (Herndon et al., 2014b).

4. Conclusions



Preclinical studies indicate that MDMA may damage neuronal bodies and terminals. In this
review, we have presented evidence that the generation of toxic metabolites of MDMA, the
increase in oxidative stress and DA-based quinones, the occurrence of mitochondrial
dysfunction, the activation of glial cells and the occurrence of excitotoxic events, the
induction of hyperthermia are involved in causing the neurodegenerative effects of MDMA
in experimental animals. Although there is a growing consensus that MDMA can cause
neurotoxic effects also in humans, no conclusive evidence of long-lasting serotonergic
and/or DAergic neurotoxic damage has been obtained so far in human MDMA users.
Nevertheless, the use of MDMA poses a serious health concern, since it may induce
alterations in brain functions that may persist even after drug discontinuation. Thus,
investigation of the behavioral outcome of the neurotoxic insults caused by MDMA in
experimental animals is essential for better understanding the consequences of human
abuse of this amphetamine-related drug.
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Figure 4. Effect of acute MDMA (5 mg/kg i.p.) or repeated MDMA (4 x 5 mg/kg, i.p., every
second day for 8 days) on DNA integrity in the rat prefrontal cortex (PFC) and
hippocampus evaluated with the comet assay technique. Data represent a tail moment
defined as the product of tail length and the fraction of total DNA in the tail. Tail moment
incorporates a measure of both the smallest detectable size of migrating DNA (reflected in
the comet tail length) and the number of damaged pieces (represented by the intensity of
DNA in the tail). * significant difference vs. control; * significant difference between acute
and repeated treatment.
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