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Abstract

Binge drinking is a common pattern of ethanol consumption among young people. Binge
drinkers are especially susceptible to brain damage when other substances are co-adminis-
tered, in particular 3,4 methylendioxymethamphetamine (MVDMA). The aim of the present
work was to study the mechanisms implicated in the adaptive changes observed after
administration of these drugs of abuse. So, we have evaluated the cardiac sympathetic
activity and the expression and activation of heat shock protein 27 (HSP27), after voluntary
binge ethanol consumption, alone and in combination with MDMA. Both parameters are
markers of stressful situations and they could be modified inducing several alterations in dif-
ferent systems. Adolescent mice received MDMA, ethanol or both (ethanol plus MDMA).
Drinking in the dark (DID) procedure was used as a model of binge. Noradrenaline (NA)
turnover, tyrosine hydroxylase (TH), TH phosphorylated at serine 31 and HSP27 expres-
sion and its phosphorylation at serine 82 were evaluated in adolescent mice 48 h, 72 h, and
7 days after treatments in the left ventricle. NA and normetanephrine (NMN) were deter-
mined by high-performance liquid chromatography (HPLC); TH and HSP27 expression and
phosphorylation were measured by quantitative blot immunollabeling using specific anti-
bodies. Ethanol and MDMA co-administration increased NA turnover and TH expression
and phosphorylation versus the consumption of each one of these drugs. In parallel with the
described modifications in the cardiac sympathetic activity, our results showed that binge
ethanol+MDMA exposure is associated with an increase in HSP27 expression and phos-
phorylation in the left ventricle, supporting the idea that the combination of both drugs exac-
erbates the cellular stress induced by ethanol or MDMA alone.

Introduction

Binge is a pattern of alcohol (ethanol) consumption that results in 0.08 g per cent or above
alcohol concentration in blood, i.e. 5 or more drinks in a single occasion [1]. Most of clinical,
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Abbreviations: MDMA, 3,4-
Methylenedioxymethamphetamie; DID, drinking in the
dark; TH, tyrosine hydroxylase; NA, noradrenaline;
NMN, normetanephrine; HSP27, heat shock protein
27.

histopathological, and biochemical studies consider the effect of chronic alcohol intoxication
on myocardial injury. However, much less attention has been paid to acute alcohol (binge
drinking)-induced cardiotoxicity, even though alcohol binging is much more common than
alcohol dependence (for review see [2,3]). Concerning to binge drinking, the literature has
demonstrated transient myocardial subtle changes in cardiac magnetic resonance, accompa-
nied by increase in serological marker of myocardial injury [4] and pathological sequelae
including disruption of myofibrillary architecture and finally compromised myocardial con-
tractility function [5-7].

3,4-Methylenedioxy-N-methamphetamine (MDMA, ecstasy) is an amphetamine derivative
and is a popular type of drug that is abused due to its effects on the central nervous system
(CNS), including alertness and euphoria. Apart from its desired effects on mood and percep-
tion, MDMA is a potent stimulant of cardiovascular action increasing heart rate and blood
pressure [8-10]. There are also experimental and clinical data which document that MDMA
can alter cardiovascular function and produce cardiac toxicity, including rhythm disturbances,
infarction and sudden death (for review see [11]). Moreover, ecstasy users are generally multi-
drug users and alcoholic beverages are commonly combined with MDMA [12]. The co-abuse
of alcohol and MDMA is prevalent worldwide [13-14].

Although the combined consumption of alcohol and MDMA in humans is not fully under-
stood, some explanations have been proposed. Among them, is the fact that the combined
intake of alcohol and MDMA produces a longer lasting euphoria and feelings of well being,
than the consumption of either drug alone, suggesting an increased subjective perception of
the positive effects induced by the drug [15]. Also, it has been proposed that ethanol attenuates
the negative side effects of MDMA, in particular, regarding the hyperthermia associated to
MDMA intake [16].

The extensive co-abuse of ethanol and MDMA is of particular concern since studies indicate
that the co-abuse of ethanol and MDMA increases the risk of organ damage. For example, the
co-administration of ethanol with MDMA enhanced MDMA-mediated long term neurotoxic-
ity [17] as well as hepatotoxicity [18-19]. However, the cardiac effects of this common combi-
nation are not well established. As far as we know the combination of binge ethanol and
MDMA on cardiac tissues has not been assessed previously.

Drugs of abuse appear to activate the hypothalamic-pituitary-adrenocortical (HPA) axis
and thus to able to induce considerable stress response in both experimental and clinical situa-
tions [20-21]. Besides, exposure to a stressful situation leads to the activation of the cathecola-
minergic system. Activation of this pathway can damage the heart [22]. Furthermore, the
profound cellular stress induced by drugs of abuse is also evidenced by the overexpression of
heat shock proteins (HSPs) as well as massive alterations in different functions [23]. HSPs were
identified primarily on the basis of their fast and typically protective response to cellular stress-
ors. HSPs are rapidly induced at the transcriptional level after stress, but also undergo several
post-translational modifications that alter their functional roles for use as immediate response
elements [24].

In this study, a daily limited-access alcohol intake model named drinking in the dark (DID)
[25] was used as a model to assess the cardiac changes observed in binge drinkers. We have
used CD1 mice,a strain with low alcohol prevalence. The ethanol preference differences
between CD1 and other strains have been atributed to changes in ethanol metabolism and pal-
atability [26]. The work presented here evaluates, first, the effects of voluntary binge ethanol
intake or MDMA administration on the cardiac sympathetic pathways by measuring nor-
adrenaline (NA), its peripheral metabolite (NMN), and tyrosine hydroxylase (TH), rate-limit-
ing enzyme in catecholamine synthesis. On the other hand, we have analyzed the severity of
cellular stress caused by ethanol or MDMA by investigating the expression of HSP27, a
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member of the small HSP family which is highly expressed in the heart [27]. Second, it mea-
sures the effects of acute co-administration of MDMA on cardiac changes induced by binge
ethanol. The performance of these experiments allow us to establish a relation between binge
ethanol plus MDMA administration and sympathetic cardiac activity.

Methods

Subjects

Adolescent naive male CD-1 mice (postnatal day 21) weighing 25-30 g at the beginning of the
experiments were used in this study. Mice were purchased from Charles River (France) and
housed four per cage during 7 days (quarantine period) until 1 week prior to the beginning of
experiments when mice were individually housed (postnatal day 28). Experiments started 7
days after the individualization (postnatal day 36). Animal rooms were controlled for tempera-
ture (22£1°C), humidity (55+10%) and photo-period (12:12 L/D). Lights were turned on at
08:00 hours and off at 20:00 hours. One week prior to the experiment, mice were switched to a
reverse light/dark schedule in which lights turned on at 19:00 hours and off at 07:00 hours.
Food and water were available ad libitum except when water was substituted for ethanol for

2 or 4 h per day according to DID procedure, described below. All the animals care and experi-
mental procedures were conducted according to the guidelines of the European Communities
Directive 2010/63/EU regulating animal research and were approved by the local ethical com-
mittee "Comité Etico de Experimentacién Animal del Parc de Recerca Biomedica de Barcelona"
(CEEA-PRBB).

Drugs and reagents

Racemic MDMA hydrochloride was purchased from Lipomed, A.G. (Arlesheim, Switzerland),
dissolved in 0.9% physiological saline in order to obtain a dose of 20 mg/kg (2 mg/ml)
expressed as the salt, and injected in a volume of 0.1 ml/10 g body weight by intraperitoneal
(i.p.) route of administration. Ethyl alcohol was purchased from Merck Chemicals (Darmstadt,
Germany) and diluted in tap water in order to obtain a 20% (v/v) ethanol solution. Sodium
dodecylsulphate, polyacrylamide gel and poly vinylidene difluoride (PVDF) membrane were
obtained from Bio-Rad Laboratory (Teknovas, Bilbao, Spain). Reagents: proteases inhibitor
(Boehringer Mannheim, Germany); phosphatase inhibitor cocktail set (Cabiochem, German).
High-performance liquid chromatography (HPLC) reagents were purchased from Sigma
Aldrich (San Luis, MO, USA).

Drinking in the dark procedure

This procedure was conducted as previously reported [25]. Briefly, food was removed and the
water bottles were replaced with 10-ml graduated cylinders fitted with sipper tubes containing
either 20% (v/v) ethanol in tap water or only tap water (groups Ethanol and Water, respec-
tively) 3 h after lights were turned off in the animal rooms. During this time, animals were
maintained in home cages individually housed (see above). The ethanol or water cylinders
remained in place for 2 h. After the 2-h period, individual intake was recorded and food and
water bottles were replaced. This procedure was repeated on days 2 and 3 and fresh fluids were
provided each day. On day 4, all subjects were injected with a single dose of saline (0.1 ml/10 g,
i.p.) prior to the DID procedure. On the following week, the DID procedure was conducted
again as described above. On day 4 subjects were injected by a single dose of MDMA (20 mg/
kg) or saline (i.p). At this day, the ethanol or water cylinders were left for 4 h and intakes were
recorded after 2 and 4 h respectively. After the first recording (2h), the animals received a
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Fig 1. Drinking in the dark test (DID test) (see Methods section).
doi:10.1371/journal.pone.0141502.g001

second injection of MDMA (20 mg/kg) or saline (i.p.) (Fig 1). The dose of MDMA was selected
in accordance to previous studies [28-30]. Following the 4 h free access to fluid and immedi-
ately after recording fluid intake, ethanol and water cylinders were replaced with water bottles.
Then, animals were separated in three groups: 48 h (postnatal day 40), 72 h (postnatal day 41)
or 7 days (postnatal day 45) after the last MDMA or saline injection (under ethanol absence)
(Fig 1). Mice were sacrificed to measure NA, NMN, TH, TH phosphorylated at serine 31,
HSP27 and HSP27 phosphorylated at serine 82 in the left ventricle.

Determination of noradrenaline (NA) and its metabolite normetanephrine
(NMN) in the left ventricle

NA and NMN were determined by HPLC with electrochemical detection. Each tissue was
weighted, placed in a dry-cooled propylene vial and homogenized. The homogenates were cen-
trifuged (10000 g, 4°C), the supernatant layer was removed into a 1-ml syringe and filtered
through a 0.45 pm filter (Millipore, Bedford, USA) and centrifuged (6000 g, 4°C) again through
Ultra free MC 0.2 pm filter (Millipore). From each sample, 10 pl were injected into a 5-um C18
reverse phase column (Waters, Milford, MA, USA) through a 200 pl loop Rheodyne syringe-
loading injector. The mobile phase consisted of a 95% (v/v) mixture of water and methanol
with sodium acetate (50 mM), citric acid (20 mM), L-octyl-sodium sulfonate (3.75 mM), di-n-
butylamine (1 mM) and EDTA (0.135 mM), adjusted to pH 4.3. Chromatographic data were
analysed with Millenium 2010 Chromatography Manager Equipment (Millipore). NA and its
metabolite were simultaneously detected and quantified by reference to calibration curves run
at the beginning of the assays. The content of NA and NMN in the left ventricle was expressed
as nanogram per gram of tissue weight.

Western Blotting

Samples were placed in homogenization buffer [phosphate buffered saline, 2% sodium dode-
cylsulfate (SDS) plus protease inhibitors (Roche, Germany) and phosphatase inhibitors Cock-
tail Set (Calbiochem, Germany)], homogenized and centrifuged at 6000 g at 4°C. Equal
amounts of protein (50 pg/lane) from each sample were loaded on a 10% SDS-polyacrylamide
gel (SDS-PAGE), electrophoresed, and transferred onto a PVDF membrane using a Mini
Trans-Blot Electrophoresis Transfer Cell (Bio-Rad Lab., California, USA). Non-specific bind-
ing of antibodies was prevented by incubating membranes with 1% bovine serum albumin
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(BSA) in tris buffer saline tween (TBST: 10 mM Tris-HCI, pH 7.6, 150 mM NaCl, 0.05%
Tween 20). Blots were incubated overnight with the following primary anti-rabbit antibodies:
anti- polyclonal anti-phospho serine 31 TH, polyclonal anti-total TH (1:500 dilution, Milli-
pore, Temecula, CA, USA), and polyclonal anti-phospho Ser82 HSP27 (1:500; Santa Cruz Bio-
tecnology, Santa Cruz, CA, USA) and goat antibody polyclonal anti-total HSP27 antibody
(1:750; Santa Cruz Biotecnology, Santa Cruz, CA, USA) in TBST with BSA. Following extensive
washings with TBST, the membranes were incubated for 1 h with peroxidase-labeled secondary
antibodies at room temperature. After washing, immunoreactivity was detected with an
enhanced chemiluminescent/chemifluorescent western blot detection system (ECL Plus, GE
Healthcare, UK) and visualized by a Typhoon 9410 variable mode Imager (GE Healthcare).
Antibodies were stripped from the blots by incubation with stripping buffer (glycine 25mM
and SDS 1%, pH2), for 1 h at 37°C. We used anti o-tubulin (Cell Signaling Technology, Dan-
vers, MA, USA; 52 kDa) as our loading control for all the experiments. Quantification of
immunoreactivity bands corresponding to total TH (62 kDa), TH phosphorylated at serine 31
(45 kDa), total HSP27, and phosphoHSP27 (27 kDa) was carried out by densitometry (Alphal-
mager, Nucliber, Madrid). Experimental and control samples were included in the same blots
and relative variations between bands were calculated in the same image.

Statistical analysis

Data are expressed as mean + SEM. Statistical analysis was determined by two-way analysis of
variance (ANOVA). The Newman-Keuls test was used as a post-hoc whenever a significant dif-
ference between three or more sample means was revealed by an analysis of variance
(ANOVA). Differences with a p<0.05 were considered significant.

Results

Water and ethanol consumption was measured for each mouse everyday during the DID pro-
cedure (Fig 1). One-way ANOVA for water consumption did not show differences in the total
fluid (ml) consumed between water-treated groups (Water x MDMA vs. Water x Saline).
Regarding the amount of ethanol (g EtOH/kg and ml) consumed, no differences were found
between groups (Ethanol x MDMA vs. Ethanol x Saline) in none of the days of the DID proce-
dure. Thus, consumption of water and ethanol remain consistent across days in each group. In
addition, this procedure has been shown to produce consistent blood ethanol concentrations
(BECs), in our case BEC obtained was 62,6 + 11,49 mg/dL.

Ethanol binge drinking and MDMA effects on NA, NMN content and NA
turnover

Two-way ANOVA for NA 48 h after MDMA or binge ethanol exposure revealed no effect of
ethanol pretreatment [F(1,14) = 0,21; P = 0.6570], no significant effect of acute treatment
[F(1,14) = 0,07; P = 0.8009], and a significant interaction between ethanol pretreatment and
MDMA administration [F(1,14) = 8,21; P = 0.0125]. As shown in Fig 2A Newman Keuls post-
hoc analysis did not show significant differences 48 h after MDMA or binge ethanol exposure.
In contrast, two-way ANOVA for NMN revealed a significant effect of ethanol pretreatment
[F(1,14) = 26,41; P = 0.0002], no significant effect of MDMA treatment [F(1,14) = 2,73;

P =0.1208], and no significant interaction between ethanol pretreatment and MDMA adminis-
tration [F(1,14) = 1,95; P = 0.1848]. However, post-hoc test revealed that MDMA or binge eth-
anol produced a significant (p<0.05, p<0.01) increase in NMN content when compared with
control group (water+saline). Ethanol and MDMA -treated animals (ethanol+MDMA) also
showed a significant (p<0.05) enhancement of NMN versus the group treated with water+
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left ventricle from animal treated with water or ethanol and sacrificed 48 or 72 h after the last injection
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doi:10.1371/journal.pone.0141502.g002

MDMA (Fig 2B). In regard to NMN/NA ratio, an index of NA turnover, two-way ANOVA
showed a significant effect of ethanol pretreatment [F(1,14) = 13,55; P = 0.0025], no significant
effect of acute treatment [F(1,14) = 2,82; P = 0.1152], and no significant interaction between

6/15
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ethanol pretreatment and MDMA administration [F(1,14) = 2,15; P = 0.1643]. Newman-Keuls
indicated an increased NA turnover in the group treated with ethanol+ MDMA when com-
pared with ethanol+saline group (p<0.05) and water+ MDMA group (p<0.01) (Fig 2C).
Seventy-two hours after last MDMA injection we have observed for NA a significant effect
of ethanol pretreatment [F(1,13) = 11,93; P = 0.0043], no significant effect of acute treatment
[F(1,13) =2,83; P = 0.1161], and no significant interaction between ethanol pretreatment and
MDMA administration [F(1,13) = 3,49; P = 0.0844]. Therefore, Newman-Keuls test showed an
increase (p<0.05) in NA content in the MDMA or binge ethanol-treated mice compared to
control group. The increase of NA content was not observed in mice pre-exposed to binge
ethanol and treated with MDMA (Fig 2D). Results for NMN content after two-way ANOVA
analysis showed no significant effect of ethanol pretreatment [F(1,13) = 0,34; P = 0.5685], a sig-
nificant effect of MDMA treatment [F(1,13) = 12,22; P = 0.0039], and no significant interaction
between ethanol pretreatment and MDMA administration [F(1,13) = 0,62; P = 0.4441]. More-
over, Newman-Keuls for NMN content showed that there was a significant (p<0.05) increase
in the group treated with MDMA (Fig 2E). Two-way analysis for NA turnover 72 hours after
MDMA or saline administration resulted in no significant effect of ethanol pretreatment [F
(1,13) = 1,04; P = 0.3270], a significant effect of acute treatment [F(1,13) = 16,97; P = 0.0012],
and no significant interaction between ethanol pretreatment and MDMA administration [F
(1,13) = 3,41; P = 0.0875]. Newman-Keuls for NA turnover resulted in a significant (p<0.05)
increase in the group treated with MDMA (Fig 2F). Altogether, these data suggested an
increased sympathetic cardiac activity after 48 or 72 h binge ethanol+MDMA administration.

Ethanol binge drinking and MDMA effects on TH and TH phosphorylated
at serine 31

The influence of MDMA and binge ethanol on the immunoreactivity of total TH was examined
in the left ventricle 48 h, 72 h and 7 days after the last MDMA or saline injection (Fig 3A, 3B
and 3C). Two-way ANOVA analysis for total TH 48 hours after MDMA or saline injection
revealed a significant effect of ethanol pretreatment [F(1,14) = 6,37; P = 0.0243], no significant
effect of acute treatment [F(1,14) = 0,04; P = 0.8378], and no significant interaction between
ethanol pretreatment and MDMA administration [F(1,14) = 0,09; P = 0.7745]. This analysis
showed in contrast no significant effect of ethanol pretreatment 72 hours after MDMA admin-
istration [F(1,16) = 4,41; P = 0.0520], a significant effect of MDMA treatment [F(1,16) = 9,70;
P =0.0067], and no significant interaction between ethanol pretreatment and MDMA adminis-
tration [F(1,16) = 1,82; P = 0.1956]. Finally two-way for 7 days group revealed a significant
effect of ethanol pretreatment [F(1,15) = 15,46; P = 0.0015], no significant effect of acute treat-
ment [F(1,15) = 0,04; P = 0.8439], and no significant interaction between ethanol pretreatment
and MDMA administration [F(1,15) = 1,15; P = 0.3013]. Newman-Keuls showed that total TH
levels were unchanged 48 h or 7 days after MDMA treatment, whereas these levels were
increased (p<0.05) 72 h after the treatment. Animals exposed to binge ethanol present an
increased total TH levels 48 h (p<0.001), 72 h (p<0.05) or 7 days (p<0.01) after its exposure.
In addition, there is an increased total TH levels 48 h after MDMA +ethanol versus MDMA
alone (Fig 3A, 3B and 3C)

Additionally experiments were performed in the left ventricle to determine whether
MDMA or binge ethanol would activate phosphorylation of TH at serine 31 at different time
points (Fig 3A, 3B and 3C). Two-way ANOV A analysis for TH at serine 31 48 hours after
MDMA or saline injection revealed a significant effect of ethanol pretreatment [F(1,13) =
25,72; P = 0.0002], no significant effect of acute treatment [F(1,13) = 1,79; P = 0.2037], and no
significant interaction between ethanol pretreatment and MDMA administration [F(1,13) =
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doi:10.1371/journal.pone.0141502.9003

0,44; P = 0.5202]. This analysis showed in contrast no significant effect of ethanol pretreatment
72 hours after MDMA administration [F(1,15) = 3,69; P = 0.0738], a significant effect of
MDMA treatment [F(1,15) = 4,50; P = 0.0510], and a significant interaction between ethanol
pretreatment and MDMA administration [F(1,15) = 4,71; P = 0.0465]. Finally two-way for 7
days group of treatment revealed a significant effect of ethanol pretreatment [F(1,16) = 7,54;

P =0.0144], no significant effect of acute treatment [F(1,16) = 2,45; P = 0.1371], and no signifi-
cant interaction between ethanol pretreatment and MDMA administration [F(1,16) = 2,31;

P =0.1481]. Newman-Keuls post-hoc test demonstrated that 72 h (p<0.05) and 7 days
(p<0.05) after MDMA treatment or binge ethanol exposure there were an increased phosphor-
ylation of TH at serine 31 (Fig 3E and 3F). After 48 h, binge ethanol exposure also increased
(p<0.01) TH phosphorylated at serine 31 but there were not changed in MDMA group (Fig
3D). There was a significant (p<0.05) interaction between ethanol+ MDMA 48 h after their
administration when compared to MDMA alone (Fig 3D). The last experiments show that the
increase in sympathetic cardiac activity observed in our study was induced by an enhancement
of TH phosphorylation.
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Expression of HSP27 and phospho-HSP27 after ethanol binge drinking
or MDMA treatment

We examined HSP27 expression and phospho-HSP27 at serine 82 to determine the magnitude
and severity of cellular stress during binge ethanol exposure or MDMA treatment. Two-way
ANOVA analysis for HSP 27 48 hours after MDMA or saline injection revealed a significant
effect of ethanol pretreatment [F(1,13) = 12,23; P = 0.0039], a significant effect of acute
treatment [F(1,13) = 4,85; P = 0.0463], but no significant interaction between ethanol pretreat-
ment and MDMA administration [F(1,13) = 0,60; P = 0.4520]. This analysis also showed a sig-
nificant effect of ethanol pretreatment 72 hours after MDMA administration [F(1,13) = 17,02;
P =0.0012], a significant effect of MDMA treatment [F(1,13) = 41,53; P < 0.0001], and a signif-
icant interaction between ethanol pretreatment and MDMA administration [F(1,13) = 5,27;

P =0.0389]. Finally two-way ANOVA for 7 days after MDMA administration group revealed
no significant effect of ethanol pretreatment [F(1,14) = 2,11; P = 0.1679], no significant effect
of acute treatment [F(1,14) = 0,50; P = 0.4893], and no significant interaction between ethanol
pretreatment and MDMA administration [F(1,14) = 0,73; P = 0.4061]. Newman-Keuls post-
hoc test revealed that HSP27 expression was significantly increased (p<<0.001) 72 h after etha-
nol exposure or MDMA treatment (Fig 4B). In addition, we have observed an increased
(p<0.05) expression of HSP27 in ethanol+MDMA group versus ethanol or MDMA alone

(Fig 4A), this interaction was also significant (p<0.05) versus ethanol alone 72 h after its expo-
sure (Fig 4B). There were not changes in HSP 27 seven days after treatment (Fig 4C).

We also studied the phosphorylation of HSP27 at serine 82 in the left ventricle at different
time points. Two-way ANOVA analysis for total TH 48 hours after MDMA or saline injection
revealed a significant effect of ethanol pretreatment [F(1,14) = 8,98; P = 0.0096], a significant
effect of acute treatment [F(1,14) = 8,48; P = 0.0114], and no significant interaction between
ethanol pretreatment and MDMA administration [F(1,14) = 0,50; P = 0.4892]. This analysis
also showed in contrast no significant effect of ethanol pretreatment 72 hours after MDMA
administration [F(1,14) = 0.00; P = 0.9885], a significant effect of MDMA treatment [F(1,14) =
4,95; P = 0.0431], and no significant interaction between ethanol pretreatment and MDMA
administration [F(1,14) = 2,97; P = 0.1071]. Finally two-way ANOVA for 7 days group revealed
no significant effect of ethanol pretreatment [F(1,14) = 0,52; P = 0.4831], no significant effect
of acute treatment [F(1,14) = 3,02; P = 0.1040], and a significant interaction between ethanol
pretreatment and MDMA administration [F(1,14) = 7,27; P = 0.0174]. Finally, as shown in Fig
4D, Newman-Keuls post-hoc test showed a significant increased phosphorylation of HSP27 48
h after the MDMA injection in animals exposed to binge ethanol versus the group treated with
binge ethanol or MDMA alone. There were no changes in any of the groups studied 72 h after
the last MDMA injection (Fig 4E). Surprisingly, HSP27 expression was increased (p<0.05)
seven days after binge exposure or MDMA-treatment versus the group that received water+
saline, suggesting that both drugs of abuse induce long-term changes at heart level. The ratio
phospho-HSP27-total HSP is represented in Fig 4G, 4H and 41. As can be seen in this figure
there were no differences between the groups studied 48 h, 72 h or 7 days after the last injection
of MDMA.

Discussion

The present study attempts to elucidate the cardiac effects of a binge pattern of ethanol con-
sumption, and the influence of MDMA co-administration. The principal findings of the pres-
ent study are as follows: 1) Ethanol binge drinking or MDMA administration alone increased
NMN content in parallel with an enhancement in the expression of TH and TH phosphory-
lated at serine 31 at different time points, indicating an increased cardiac sympathetic activity,
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Fig 4. Western-blotting analysis of HSP27 (A,B,C), HSP27 phosphorylated (p) at serine 82 (Ser82) (D,E,F) and pHSP27/HSP27 ratio (G,H,l) in the left
ventricle from animals treated with water (w) or ethanol (e) and sacrificed 48h, 72h or 7 days after the last injection of MDMA (m) or saline (s). The
immunoreactivity corresponding to HSP27 or HSP27pSer82 is expressed as a percentage of that in the control group defined as 100% value. Data are the
meantSEM (n = 5). *p<0.05,***p<0.001 versus water+saline; +p<0.05 versus water+MDMA,; #p<0.05 versus ethanol+saline.

doi:10.1371/journal.pone.0141502.9004

2) The severity of cellular stress during ethanol binge or MDMA administration is also evi-
denced by the expression and activation (phosphorylation) of HSP27 and 3) NA turnover,
total TH and HSP27 expression and phosphorylation were significantly higher after the combi-
nation of both drugs, indicating that these combination could produce a profound cellular
stress that would damage the heart. We performed two-way ANOVA analysis due to the fact
that two independent variables were involved in this experiment and we wanted to find the
interaction between them.
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Some of the effects described above can be observed even seven days after treatment, sug-
gesting possible long-term effects of the treatment which may favour future compulsive use of
the drugs [31]. CD1 mice were selected for our experiments due to the fact that this strain is
considered to have low preference for alcohol [25,32]. The ethanol preference differences
between CD1 and other strains such as C57BL/6], have been attributed to produce changes in
ethanol metabolism and palatability [26]). In any case, CD1 animals reach a blood ethanol con-
centration of about 50-70 mg%; the National Institute on alcohol abuse and alcoholism consid-
ers a blood ethanol concentration of 80 mg% as intoxication in humans [33].

Although a number of scenarios have been postulated with regard to the onset and progres-
sion of ethanol-induced myopathic changes, the precise mechanisms underlying alcohol-
elicited cardiac anomalies remains elusive. It is known that binge drinking has adverse conse-
quences on cardiovascular physiology and thrombosis/fibrolysis processes [34]. Single heavy
drinking episodes (binge drinking) increase blood pressure, heart rate, acute coronary vasocon-
striction, and ischemia (for review see [3]). Ethanol and MDMA are frequently co-abused
[13,14,16,19,35] and evidence supports a drug interaction between these two agents [17-18]. It
is important that we understand the mechanism by which MDMA interact to cause tissue dam-
age in order to develop therapeutics or interventions measures to minimize damage. Present
results demonstrated an increase NA and NMM content at different time point after the last
MDMA or saline injection in ethanol or MDMA group. Our study also reveals an increased
NA turnover in ethanol+MDMA -treated animals compared to ethanol- or MDMA-only-
treated groups. In parallel with the changes observed in NMN/NA ratio we have evidenced an
enhancement in the total TH and TH phosphorylated at serine 31 in ethanol or MDMA group
at different time point. In addition, the association of ethanol and MDMA induced an increase
TH expression and phosphorylation versus MDMA-only-treated group suggesting a greater
increase in cardiac sympathetic pathways when both drugs are given associated. Changes in
the state of phosphorylation of TH, the rate-limiting enzyme in the synthesis of catechol-
amines, are critically involved in the regulation of catecholamine synthesis and function. In
particular, increases in the phosphorylation of serine 31 and serine 40 accelerate TH activity,
thereby stimulating production of neurotransmitters in catecholamine terminals and then
their release (for review, see [36-38]). Using phosphorylation state-specific antibody directed
towards serine 31 phosphorylation of TH, present study showed that ethanol+ MDMA expo-
sure increased the levels of TH phosphorylated at serine 31 in the left ventricle concomitantly
with the above described enhanced of NA turnover. Together this data provide evidence for
TH phosphorylation after ethanol or MDMA exposure in the noradrenergic nerve terminals
innervating the left ventricle and suggest an increased activity of cardiac sympathetic pathways
which could be responsible of the cardiac toxicity induced by both drugs of abuse [39-43]. Fur-
thermore, it has been proposed that drugs that perturb catecholaminergic function induce
changes in THmMRNA and protein expression [44-45]. It is known that TH protein levels and
activity can be regulated by two different categories: short-term regulation of enzyme activity
and medium-to long term regulation of gene expression (transcriptional regulation) [36]. Our
data revealed an increased expression of TH and TH phosphorylated at serine 31 at different
time points suggesting that transcriptional and post-transcriptional mechanisms could be, in
part the molecular mechanisms involved in the activation of cardiac noradrenergic systems
after ethanol and MDMA exposure or after the combination of both drugs.

It is well known that ethanol or MDMA cause oxidative/nitrosative stress and tissue injury
in many organs including liver, brain, pancreas and heart [6,46-49]. Although potentiation of
MDMA-mediated organ damage by ethanol it has been described [49], the mechanism of this
boosting is poorly understood. The present investigation shows, for the first time, that binge
ethanol+MDMA exposure is associated with an increase in the HSP27 expression and
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phosphorylation in the left ventricle, supporting the idea that the combination of both drugs
exacerbates the cellular stress induced by ethanol or MDMA alone. This stress situation can
produce ischemia and/or alteration in cellular membrane function [50], which contribute to
tissue damage in many tissues and deaths in some cases [49]. Several studies [51-53] showed
that HSP27 had a protective effect in ischemia/reperfusion animal models where oxidative
stress was an important factor in neuronal cell death. Transduction with HSP27 can also
increase viability of neuronal cells treated with hydrogen peroxide [52]. These studies indicate
that HSP27 can attenuate the oxidative stress induced cell death.

According to previous data obtained in rats treated chronically with morphine, another
drug of abuse [54-56], present results demonstrated an increase in HSP27 expression and
phosphorylation in mice exposed to ethanol or MDMA; these effects were potentiated when
the combination of both drugs was used. While HSP27 can block actin polymerization, the
phosphorylation of HSP27 is related to re-organization of the actin-based cytoskeletal struc-
tures [57]. It has been suggested that this re-organization of the actin cytoskeleton induced by
phosphorylation of HSP27 could lead to cytoprotection due to stabilization of actin filaments
[58]. Altogether, these results support the idea that binge ethanol+MDMA induces profound
cellular stress that could produce myocardial damages [59]. In addition, our data suggest that
increasing HSP27 expression and phosphorylation in the heart by the combination of binge
ethanol+MDMA is a biological strategy to minimize myocardial dysfunction induced by both
drugs of abuse.

Our data also demonstrated that the cardiac changes in sympathetic pathways and the
increase in HSP27 activity after the combination of both drugs are only evident 48 h after
MDMA treatment. Additionally, 72 h or 7 days after treatment, ethanol-treated or MDMA-
treated animals showed changes in these parameters but the combination of both drugs did not
increase the activity in sympathetic pathway or the activation of HSP27 suggesting that the
potential risk of the consumption of ethanol and MDMA in combination is more evident dur-
ing a short period after concomitant exposure.

In conclusion, our results presented here clearly show that binge ethanol+MDMA associa-
tion is capable of inducing the activation of cardiac sympathetic pathways in parallel with an
enhancement of HSP27 expression and phosphorylation and suggests that this chaperone can
protect the heart against cardiac changes observed after binge exposure to ethanol associated
with MDMA, probably through its antiapoptotic and oxidative stress-attenuating properties.

Author Contributions

Conceived and designed the experiments: OV MVM MLL. Performed the experiments: JNZ
CRS. Analyzed the data: JNZ MLL. Contributed reagents/materials/analysis tools: MVM MLL
OV. Wrote the paper: JNZ MLL.

References

1. Wechsler H, Nelson TF (2001) Binge drinking and the American college student: what's five/four
drinks? Psychol Addict Behav 15: 287-291.

2. Walker RK, Cousins VM, Umoh NA, Jefress MA, Taghipour D, Al-Rubaice M. et al. (2013) The good,
the bad, and the ugly with alcohol use and abuse on the heart. Alcohol Clin Exp Res 37: 1253-1260.

3. Waszkiewicz N, Szulc A, Zwierz K (2013) Binge drinking-induced subtle myocardial injury. Alcohol Clin
Exp Res 37: 1261-3.

4. Zagrosek A, Messroghli D, Schulz O, Dietz R, Schulz-Menger J (2010) Effect of binge drinking on the
heart as assessed by cardiac magnetic resonance imaging. JAMA 304: 1328-30.

5. Stolle M, Sack PM, Thomasius R (2009) Binge drinking in childhood and adolescence: epidemiology,
consequences, and interventions. Dtsch Arztebl Int 106: 323—-328.

PLOS ONE | DOI:10.1371/journal.pone.0141502 October 28, 2015 12/15



@’PLOS ‘ ONE

Binge Ethanol and MDMA Combination Induce Toxic Cardiac Stress

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

O'Keefe JH, Bybee KA, Lavie CJ (2007) Alcohol and cardiovascular health: the razor-sharp double-
edged sword. J Am Coll Cardiol 50: 1009-1014.

Guo R, Ren J (2012) Deficiency in AMPK attenuates ethanol-induced cardiac contractile dysfunction
through inhibition of autophagosome formation. Cardiovasc Res 94: 480—491.

Dumont GJ, Kramers C, Sweep FC, Willemsen JJ, Touw DJ, Schoemaker RC, et al. (2010) Ethanol co-
administration moderates 3,4-methylenedioxymethamphetamine effects on human physiology. J Psy-
chopharmacol 24: 165-174.

Dumont GJ, Verkes RJ, 2006. A review of acute effects of 3,4- methylenedioxymethamphetamine in
healthy volunteers. J Psychopharmacol 20: 176—-187.

Green AR, Mechan AO, Elliott JM, O’'Shea E, Colado MI (2003) The pharmacology and clinical pharma-
cology of 3,4-methylene dioxymethamphetamine (MDMA, “ecstasy”). Pharmacol Rev 55: 463-508.
Shenouda SK, Carvalho F, Varner KJ (2010) The cardiovascular and cardiac actions of ecstasy and its
metabolites. Curr Pharm Biotechnol 11(5):470-475.

Barrett SP, Gross SR, Garand I, Pihl RO (2005) Patterns of simultaneous polysubstance use in Cana-
dian rave attendees. Subst Use Misuse 40: 1525-37.

Barrett SP, Darredeau C, Pihl RO (2006) Patterns of simultaneous polysubstance use in drug using uni-
versity students. Hum Psychopharmacol 21: 255-263.

Strote J, Lee JE, Wechsler H (2002) Increasing MDMA use among college students: results of a
national survey. J Adolesc Health 30: 64-72.

Hernandez-Lépez C, Farré M, Roset PN, Menoyo E, Pizarro N, Ortufio J, et al. (2002) 3,4-Methylene-
dioxymethamphetamine (ecstasy) and alcohol interactions in humans: psychomotor performance, sub-
jective effects, and pharmacokinetics. J Pharmacol Exp Ther 300: 236—244

Winstock AR, Griffiths P, Stewart D (2001) Drugs and the dance music scene: a survey of current drug
use patterns among a sample of dance music enthusiasts in the UK. Drug Alcohol Depend 64: 9-17

Izco M, Orio L, O’Shea E, Colado MI (2007) Binge ethanol administration enhances the MDMA-induced
long-term 5-HT neurotoxicity in rat brain. Psychopharmacology 189: 459-470.

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

Upreti VV, Eddington ND, Moon KH, Song BJ, Lee 1J (2009) Drug interaction between ethanol and 3,4-
methylenedioxymethamphetamine ("ecstasy"). Toxicol Lett 188: 167-172.

Parrott AC, Montgomery C, Wetherell MA, Downey LA, Stough C, Scholey AB (2014) MDMA, cortisol,

and heightened stress in recreational ecstasy users. Behav Pharmacol 25:458-72.

Phillips TJ, Reed C, Pastor R (2015) Preclinical evidence implicating corticotropin-releasing factor sig-
naling in ethanol consumption and neuroadaptation. Genes Brain Behav 14:98—135.

Kas S (1987) Serum catecholamines in cocaine intoxicated patients with cardiac symptoms. Ann
Emerg Med 16: 481-482.

Hayase T, Yamamoto Y, Yamamoto K, Muso E, Shiota K (2003) Stressor-like effects of cocaine on
heat shock protein and stress-activated protein kinase expression in the rat hippocampus: interaction
with ethanol and anti-toxicity drugs. Leg Med 5: S87—90.

Stetler RA, Gao Y, Signore AP, Cao G, Chen J (2009) HSP27: mechanisms of cellular protection
against neuronal injury. Curr Mol Med 9: 863-872.

Rhodes JS, Best K, Belknap JK, Finn DA, Crabbe JC (2005) Evaluation of a simple model of ethanol
drinking to intoxication in C57BL/6J mice. Physiol Beh 84: 53-63.

Rhodes JS, Ford MM, Yu CH, Brown LL, Finn DA, Garland T, et al. (2007) Mouse inbred strain differ-
ences in ethanol drinking to intoxication. Genes Brain Behav 6: 1-18.

Kato K, Shinohara H, Goto S, Inaguma Y, Morishita R, Asano T (1992) Copurification of small heat
shock protein alpha B crystallin from human skeletal muscle. J Biol Chem 267: 7718-7725.

Tourifio C, Zimmer A, Valverde O (2010) THC prevents MDMA neurotoxicity in mice. PLoS One 5:
9143

Ruiz-Medina J, Ledent C, Carreton O, Valverde O (2011) The A2a adenosine receptor modulates the
reinforcement efficacyand neurotoxicity of MDMA. J Psychopharmacol 25: 550-560.

Ros-Simé C, Ruiz-Medina J, Valverde O (2012) Behavioural and neuroinflammatory effects of the com-
bination of binge etanol and MDMA in mice. Psychopharmacology 221: 511-525.

Do Couto BR, Rodriguez-Arias M, Fuentes S, Gagliano H, Armario A, Mifarro J, et al. (2011) Adoles-
cent pre-exposure to etanol or MDMA prolongs the conditioned rewarding effects of MDMA. Physiol
Behav 103: 585-593.

PLOS ONE | DOI:10.1371/journal.pone.0141502 October 28, 2015 13/15



@’PLOS ‘ ONE

Binge Ethanol and MDMA Combination Induce Toxic Cardiac Stress

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Ryabinin AE, Galvan-Rosas A, Bachtell RK, Risinger FO (2003) High alcohol/sucrose consumption
during dark circadian phase in C57BL/6 J mice: involvement of hippocampus, lateral septum and uro-
cortin-positive cells of the Edinger—Westphal nucleus. Psychopharmacology 165: 296-305.

Crabbe JC, Harris RA, Koob GF (2011). Preclinical studies of alcohol binge drinking. Ann NY Acad Sci
1216: 24-40.

Mukamal KJ, Maclure M, Muller JE, Mittleman MA (2005) Binge drinking and mortalityafter acute myo-
cardial infarction. Circulation 112: 3839-3845.

Topp L, Hando J, Dillon P, Roche A, Solowij N (1999) Ecstasy use in Australia: patterns of use and
associated harm. Drug Alcohol Depend 55: 105-115.

Kumer SC, Vrana KE (1996) Intricate regulation of tyrosine hydroxylase activity and gene expression. J
Neurochem 67: 443-62.

Bobrovskaya L, Gilligan C, Bolster EK, Flaherty JJ, Dickson PW, Dunkley PR (2007) Sustained phos-
phorylation of tyrosine hydroxylase at serine 40: a novel mechanism for maintenance of catecholamine
synthesis. J Neurochem 2:479-89.

Salvatore MF, Pruett BS (2012) Dichotomy of tyrosine hydroxylase and dopamine regulation between

somatodendritic and terminal field areas of nigrostriatal and mesoaccumbens pathways. PLoS One 7:
€29867.

Samokhvalov AV, Irving HM, Rehm J (2010) Alcohol consumption as a risk factor for atrial fibrillation: a
systematic review and metaanalysis. Eur J Cardiovasc Prev Rehabil 17: 706-712.

Kodama S, Saito K, Tanaka S, Horikawa C, Saito A, Heianza Y, et al. (2011) Alcohol consumption and
risk of atrial fibrillation: a meta-analysis. J Am Coll Cardiol 57: 427—-436.

Menezes AR, Lavie CJ, Di Nicolantonio JJ, O'Keefe J, Morin DP, Khatib S, et al. (2013) Atrial fibrillation
in the 21st century: a current understanding of risk factors and primary prevention strategies. Mayo Clin
Proc 88: 394-409.

Schindler CW, Thorndike EB, Blough BE, Tella SR, Goldberg SR, Baumann MH (2014) Effects of 3,4-
methylenedioxymethamphetamine (MDMA) and its main metabolites on cardiovascular function in con-
scious rats. BrJ Pharmacol 171(1): 83-91

Shintani-ishida K, Saka K, Yamaguchi K, Hayashida M, Nagai H, Takemura G, et al. (2014) MDMA
induces cardiac contractile dysfunction through autophagy upregulation and lysosome destabilization
in rats. Biochem Biophys Acta 1842: 691-700.

Boundy VA, Gold SJ, Messer CJ, Chen J, Son JH, Joh TH, et al.(1998) Regulation of tyrosine hydroxy-
lase promoter activity by chronic morphine in TH9.0-LacZ transgenic mice. J Neurosci 18: 9989-9995.

Nestler EJ (1992) Molecular mechanisms of drug addiction. J Neurosci 12: 2439-2450.

Lieber CS (2004) Alcoholic fatty liver: its pathogenesis and mechanism of progression to inflammation
and fibrosis. Alcohol 34:9-19.

LuY, Cederbaum Al (2008) CYP2E1 and oxidative liver injury by alcohol. Free Radic Biol Med 44:
723-738.

Haorah J, Ramirez SH, Floreani N, Gorantla S, Morsey B, Persidsky Y (2008) Mechanism of alcohol
induced oxidative stress and neuronal injury. Free Radic Biol Med 45: 1542—-1550.

Song BJ, Moon KH, Upreti VV, Eddington ND, Lee IJ (2010) Mechanisms of MDMA (Ectasy)-induced
oxidative stress, mitochondrial dysfunction and organ damage. Curr Pharm Biotechnol 11: 434-443.

Kristian T, Siesjoé BK (1998) Calcium in ischemic cell death. Stroke 29: 705-718.
White MY, Hambly BD, Jeremy RW, Cordwell SJ (2006) Ischemia-specific phosphorylation and myofil-

ament translocation of heat shock protein 27 precedes alpha B-crystallin and occurs independently of
reactive oxygen species in rabbit myocardium. J Mol Cel Cardiol 40: 761-774.

Ann JJ, Lee YP, Kim SY, Lee SH, Lee MJ, Jeong MS, et al. (2008) Transduced human PEP-1-heat
shock protein 27 efficiently protects against brain ischemic insult. FEBS J 275: 1296—1308.

Toth ME, Gonda S, Vigh L, Santha M (2010) Neuroprotective effect of small heat shock protein,
HSP27, after acute and chronic alcohol administration. Cell Stress Chaperones 15: 807-817.

Almela P, Martinez-Laorden E, Atucha NM, Milanés MV, Laorden ML (2011) Naloxone-precipitated
morphine withdrawal evokes phosphorylation of heat shock protein 27 in rat heart through extracellular
signal-regulated kinase. J Mol Cell Cardiol 51: 129-139.

Drastichova Z, Skrabalova J, Jedelsky P, Neckar J, Kolar F, Novotny J (2012) Global changes in the rat
heart proteome induced by prolonged morphine treatment and withdrawal. PLoS One 7: e47167.
Martinez-Laorden E, Garcia-Carmona JA, Baroja A, Romenci P, Atucha NM, Milanés MV, et al. (2014)
Corticotropin-releasing factor (CRF) receptor-1 is involved in cardiac noradrenergic activity observed
during naloxone-precipitated morphine withdrawal. Br J Pharmacol 171:688-700.

PLOS ONE | DOI:10.1371/journal.pone.0141502 October 28, 2015 14/15



el e
@ : PLOS ‘ ONE Binge Ethanol and MDMA Combination Induce Toxic Cardiac Stress

57. Bitar KN (2002) HSP27 phosphorylation and interaction with actin-myosin in smooth muscle contrac-
tion. Am J Physiol Gastrointes Liver Physiol 282: G894—G903.

58. Robinson AA, Dunn MJ, McCormack A, dos Remedios C, Rose ML (2010) Protective effect of phos-
phorilated HSP27 in coronary arteries through actin stabilization. J Mol Cell Cardiol 49: 370-379.

59. Dettmeyer R, Friedrich K, Schmidt P, Madea B (2009) Heroin-associated myocardial damages- Con-
ventional and immunohistochemical investigations. Forensic Sci Int 187: 42—46.

PLOS ONE | DOI:10.1371/journal.pone.0141502 October 28, 2015 15/15



