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Abstract The liver is a vulnerable target for ampheta-
mine toxicity, but the mechanisms involved in the drug’s
hepatotoxicity remain poorly understood. The purpose of
the current research was to characterize the mode of death
elicited by four amphetamines and to evaluate whether
their combination triggered similar mechanisms in immor-
talized human HepG2 cells. The obtained data revealed
a time- and temperature-dependent mortality of HepG2
cells exposed to 3,4-methylenedioxymethamphetamine
(MDMA, ecstasy; 1.3 mM), methamphetamine (3 mM),
4-methylthioamphetamine (0.5 mM) and D-amphetamine
(1.7 mM), alone or combined (1.6 mM mixture). At physio-
logical temperature (37 °C), 24-h exposures caused HepG2
death preferentially by apoptosis, while a rise to 40.5 °C
favoured necrosis. ATP levels remained unaltered when
the drugs where tested at normothermia, but incubation at
40.5 °C provoked marked ATP depletion for all treatments.
Further investigations on the apoptotic mechanisms trig-
gered by the drugs (alone or combined) showed a decline in
BCL-2 and BCL-y; mRNA levels, with concurrent upregu-
lation of BAX, BIM, PUMA and BID genes. Elevation of
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Bax, cleaved Bid, Puma, Bak and Bim protein levels was
also seen. To the best of our knowledge, Puma, Bim and
Bak have never been linked with the toxicity induced by
amphetamines. Time-dependent caspase-3/-7 activation,
but not mitochondrial membrane potential (AY,,) disrup-
tion, also mediated amphetamine-induced apoptosis. The
cell dismantling was confirmed by poly(ADP-ribose)poly-
merase proteolysis. Overall, for all evaluated parameters,
no relevant differences were detected between individual
amphetamines and the mixture (all tested at equieffective
cytotoxic concentrations), suggesting that the mode of
action of the amphetamines in combination does not devi-
ate from the mode of action of the drugs individually, when
eliciting HepG?2 cell death.

Keywords 3,4-Methylenedioxymethamphetamine
(ecstasy, MDMA) - Amphetamine-related toxicity -
Hepatocytes - Combination effects - Apoptosis - Necrosis

Introduction

It has been widely recognized that 3,4-methylenediox-
ymethamphetamine (MDMA, Ecstasy) is hepatotoxic to
humans, in spite of this toxicity being random and associ-
ated with variable clinical outcomes, ranging from asymp-
tomatic elevation of hepatic enzymes (ALT, AST, alkaline
phosphatase) to lethal liver failure (Andreu et al. 1998;
Dykhuizen et al. 1995; Ellis et al. 1996; Henry et al. 1992;
Khakoo et al. 1995). The underlying mechanisms are not
yet fully understood, but a plethora of factors has been
proposed to justify these effects, including hyperthermia,
drug—drug interactions from polydrug abuse, altered efflux
of neurotransmitters, oxidation of biogenic amines, impair-
ment of mitochondrial function, direct effect of reactive
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metabolites, immune responses and activation of apoptotic
pathways (Antolino-Lobo et al. 2011; Carvalho et al. 2010,
2012).

Our group’s previous studies have supported the fact that
hepatotoxicity can be exacerbated by the combination of
MDMA with other amphetamines, which are either inten-
tionally ingested or present in ecstasy pills as contaminants.
This toxicity was shown to occur even for combinations
of the drugs at concentrations that individually produce no
detectable effects (Dias da Silva et al. 2013b, d). In addi-
tion, we have shown that temperatures higher than those
physiologically normal, such as those reached in vivo
after amphetamine intake, further enhance the hepatotox-
icity of amphetamines, as well as of their mixtures (Dias
da Silva et al. 2013d). The impairment of thermoregula-
tion elicited by amphetamines, combined with excessive
dancing and inadequate fluid intake, as well as the hot,
overcrowded venues where the drugs intake often occurs
has been shown to induce dramatic increases in body tem-
perature, with reported values ranging between 40.0 and
43.3 °C (Armenian et al. 2012; Coore 1996; Green et al.
2003; Henry et al. 1992). Amphetamine-induced hyperther-
mia has been associated with the most serious detrimental
health effects of these drugs and has been linked to a high
number of intoxications (Fineschi et al. 1999; Henry et al.
1992; Milroy 2011; Strobbe et al. 2007; Vanden Eede et al.
2012; Wirth et al. 2007). In fact, high body temperature has
been described as one of the most aggressive physiological
consequences of amphetamines in acute poisonings and has
been recurrently pointed out as a cause for life-threatening
complications, such as acute liver failure, rhabdomyolysis,
disseminated intravascular coagulation, acidosis and multi-
ple organ failure (Armenian et al. 2012; Henry et al. 1992;
Kalant 2001; Kendrick et al. 1977; Patel et al. 2005; Screa-
ton et al. 1992).

The hepatotoxicity of amphetamines has been associated
with an increase in apoptosis, and the mechanisms involved
in this effect include a decrease in the levels of anti-apop-
totic genes and related proteins, such as Bcl-2 and Bel-y;.
(De Miglio et al. 2000; Jayanthi et al. 2001; Montiel-
Duarte et al. 2002; Upreti et al. 2011), an overexpression
of pro-apoptotic factors, like Bax and Bad, Bid and p53
(De Miglio et al. 2000; Genc et al. 2003; Jayanthi et al.
2001; Cerretani et al. 2011), the release of cytochrome
¢ (cyt ¢), SMAC/DIABLO and apoptosis inducing factor
(AIF) from the mitochondria (Beauvais et al. 2011; Mon-
tiel-Duarte et al. 2002; Cerretani et al. 2011), the activation
of caspase-3 (Montiel-Duarte et al. 2002), the proteolysis
of poly(ADP-ribose)polymerase (PARP) (Montiel-Duarte
et al. 2002), the condensation of nuclei chromatin (Mon-
tiel-Duarte et al. 2002) and the accumulation of oligonucle-
osomal fragments in the cytoplasm (Montiel-Duarte et al.
2002). Upreti et al. (2011) also demonstrated that MDMA
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activates c-Jun N-terminal protein kinase and p38 kinase.
These protein kinases phosphorylate the anti-apoptotic
Bcl-2 protein, so, indirectly, their activation may promote
apoptosis in MDMA-exposed tissues.

Conversely, numerous clinical hepatotoxic descriptions
of amphetamines correlate with morphological evidence of
acute necrosis, rather than apoptosis, particularly in cases
of intoxicated patients who died or required liver transplan-
tations (Brauer et al. 1997; Garbino et al. 2001; Ibranyi and
Schonleber 2003; Kamijo et al. 2002).

It is clear from the aforementioned studies that the rela-
tive contribution of apoptosis and/or necrosis to amphet-
amine-induced liver injury remains controversial, as
evidence for both types of cell death has been reported
in hepatocytes. In addition to the uncertainties surround-
ing the precise mechanisms of cytotoxic action of indi-
vidual amphetamines is the question of whether the mode
of action of these drugs remains unaltered when they are
combined. Does the simple combination of these drugs
impact on the mode of cell death? Furthermore, taking
into account the substantial increase in body temperature
that often occurs with amphetamine abuse, would the
mechanism of cell death, for both the individual and the
mixed amphetamines, also be affected in a hyperthermic
situation?

In order to address these questions and provide new
insights into the mechanisms underlying the cytotoxic-
ity linked to amphetamine intoxications, the present study
attempted to delineate the mechanisms of cell death under
normothermic (37 °C) and hyperthermic (40.5 °C) condi-
tions caused by MDMA, methamphetamine (METH),
4-methylthioamphetamine  (4-MTA), D-amphetamine
(D-AMP) and their mixture in HEPG?2 cells. For that, we
evaluated the mode of HepG2 cell death (apoptosis or
necrosis) and the cellular energetic status following drug
treatments. Additionally, the relative mRNA expressions
of BCL-2, BCL-y,;, BAX, BIM, BAD, PUMA and BID, as
well as levels of PARP/cleaved PARP, Bak, Puma, Bim
(EL, S and L isoforms), Bid/cleaved Bid and Bax proteins
were assessed at 37 °C (the temperature condition show-
ing higher apoptosis rates). Ultimately, and since the tested
drugs induced differential expression of anti- and pro-apop-
totic BCL-2 family members, we also tested impairment of
mitochondrial permeability.

In previous work, we evaluated the cytotoxic effects of
a mixture of the four amphetamines here tested using the
MTT assay and demonstrated that all four amphetaminic
mixture components acted in an additive way to induce
the overall mixture effect. Also, as the toxicity of the mix-
ture could be accurately predicted by the mathematical
model of concentration addition, it was suggested that
all tested drugs acted via a similar mechanism of action
(Dias da Silva et al. 2013b). In the work presented here,
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it was important to select test concentrations (of individual
amphetamines and mixture) that produced an equal level of
cell death, i.e. were equipotents. In doing so, we ensured an
easy and direct comparison between individual drugs and
their mixture in the outcomes evaluated. Based on the addi-
tivity interactions shown previously, it was expected that
all chemicals would have the same mechanism of action,
and therefore, the equipotency of all tested drugs, as well
as of the mixture, should be maintained in all studied end-
points. A deviation from those would suggest a difference
in mechanism of action, rather than a difference in potency.
Overall, a better understanding of the cellular and molec-
ular mechanisms involved in amphetamine toxicity should
help to generate more adequate therapeutic approaches to
lessen the long-term consequences of amphetamine use.

Materials and methods
Test drugs

All chemicals used were of analytical grade. D-AMP (sul-
phate salt) was purchased from Tocris Bioscience (Bristol,
UK), and (+)-METH hydrochloride (98 % purity) was pur-
chased from Sigma-Aldrich, Co. (St. Louis, MO, USA).
MDMA (HCI salt) was extracted and purified from high
purity MDMA tablets provided by the Portuguese Criminal
Police Department, at REQUIMTE/Toxicology Laboratory,
Biological Sciences Department of Faculty of Pharmacy,
University of Porto. The obtained salts were purified and
fully characterized by nuclear magnetic resonance (NMR)
and mass spectrometry (MS) methodologies. 4-MTA hydro-
chloride (racemic mixture) was generously provided by Dr.
David Nichols (Purdue University, West Lafayette, IN).

All chemicals were used as supplied. Stock solutions
were prepared in ultra purified water and kept at —20 °C.
Dilutions were freshly prepared before each experiment
and were at least 20 times more concentrated than the
highest concentration tested, so that media dilution was
avoided.

HepG?2 cells culture

HepG?2 cells were kindly provided by Dr. Maryam Modarai
from UCL School of Pharmacy, London, UK. HepG2 cells
were routinely maintained in 75 cm?® canted-neck tissue cul-
ture flasks (Helena Biosciences, Gateshead, UK) in minimum
essential medium alpha (MEM Alpha) with GlutMAX sup-
plemented with 10 % foetal bovine serum (FBS), 1 % antibi-
otic (5,000 U/ml penicillin, 5,000 pg/ml streptomycin), 0.5 %
fungizone (250 pg/ml amphotericin B) and 0.0015 % human
transferrin (4 mg/ml) in a humidified incubator, at 37 °C,
with 5 % CO,. Cells were subcultured at approximately

70 % confluence over a maximum of 10 passages and regu-
larly tested negative for Mycoplasma. All the reagents used
in routine cell culture, including 0.05 % trypsin/l mM EDTA
and Hanks balanced salt solution (HBSS) without Ca and Mg
were obtained from GIBCO, Invitrogen Corporations (Pais-
ley, UK), unless stated otherwise.

Mixture design

The tested mixture was planned as described before (Dias
da Silva et al. 2013b). The composition of the mixture was
based on parameters derived from previous experimental
studies, using the tetrazolium-based (MTT) viability assay
(Dias da Silva et al. 2013b) and is shown in Table 1. The
ratio between the four amphetamines was based on the con-
centrations eliciting 50 % of the maximal mortality in the
MTT assay (ECs), after 48 h incubations at 37 °C. This
mixture design ensures that all mixture components are
present at equipotent concentrations, thus preventing non-
proportional individual contributions.

Drug treatments

The individual drugs and the mixture were tested at con-
centrations that induced 25 % of the maximum effect
observed in the MTT reduction assay (ECys), i.e. 1.3 mM
MDMA, 3 mM METH, 0.5 mM 4-MTA, 1.7 mM p-AMP
and 1.6 mM mixture (Dias da Silva et al. 2013b) (Table 1).
This effect level was selected as it corresponds to some
degree of toxicity by moderately decreasing cell metabolic
competence/viability, allowing the assessment of mecha-
nisms of action and avoiding high levels of mortality.

Neutral red uptake for cell viability assessment

The neutral red (NR) viability assay is based on the abil-
ity of viable cells to incorporate and subsequently retain

Table 1 Tested drug concentrations and composition of the tested
mixture

Compound MDMA METH 4-MTA »p-AMP Mixture
ECs, (mM)* 2.23 5260 0.741 242 2.90
Fraction in the  20.90 49.40 6.96 22.70 100

mixture (%)
EC,s (mM)° 1.3 3.0 0.5 1.7 1.6°

Adapted from Dias da Silva et al. (2013a, b, c, d)

? The ECs, of the individual compounds were used to design the
mixture and to determine the ratio between the individual compo-
nents of the equipotent mixture

b Correspond to the concentrations tested in this study

¢ 1.6 mM of mixture is constituted by 334 uM MDMA, 790 pM
METH, 113 uM 4-MTA and 363 uM p-AMP
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the supravital dye neutral red (3-amino-m-dimethylamino-
2-methylphenazine hydrochloride; Sigma-Aldrich).

8 x 10 cells were seeded per well on the 96-well plates
and allowed to attach. After 24 h, the culture medium was
replaced by treatment solutions (six replicates), freshly
prepared in cell culture medium. Each plate also included
a negative control. After the incubation periods (6, 12,
24 and 48 h), at 37 °C (physiological temperature) or
40.5 °C (hyperthermic conditions), the culture medium
was removed and the plate was rinsed with HBSS. 100 pl
medium containing neutral red (50 pg/ml) was added to
each well. After 2 h of incubation at 37 °C, the medium
was removed and the plate was rinsed twice with HBSS.
Then, 200 pl lysis solution, containing 1 % glacial acetic
acid, 50 % ethanol and 49 % H,0, was added to each well
and shaken for 15 min in the dark. The absorbance (Abs)
of the coloured solution was measured with a multi-well
plate reader (Labsystems Multiskan, Multisoft Primary
EIA V.1.3-0, Basingstoke, UK) at 540 nm and is directly
correlated to the number of cells with an intact membrane
and unimpaired lysosomal activity. To reduce inter-exper-
imental variability, data were normalized on a plate-by-
plate basis and scaled between 0 % (negative controls) and
100 % effect (positive controls consisting of culture media
containing 1 %Triton X-100). Results were graphically
presented as percentage of cell death versus time (h).

ImageStream multi-spectral imaging flow cytometry

In order to distinguish between live, necrotic, and early and
late apoptotic cells, the combination propidium iodide (PI)/
fluorescein-labelled Annexin V (AnV-FITC) was used.

The type of cell death elicited by amphetamines, iso-
lated or in mixture, on HepG2 cells, and the influence of
temperature and time of exposure were evaluated by seed-
ing 1 x 10° cells onto 10 cm? petri dishes and left to attach
for 24 h. Then, the cells were exposed to the test solutions
and incubated at 37 °C or at 40.5 °C, for 24 or 48 h. At
the end of the treatment periods, the cells were rinsed twice
with HBSS and trypsinized for 5 min with 300 pl 0.05 %
Trypsin—EDTA, at 37 °C. The cell culture media were kept
and processed since adherent cells undergoing apoptosis
may detach from the culture surface. Cells were washed in
cold HBSS at 500x g for 5 min (pre-cooled centrifuge, at
4 °C), and the supernatant was discarded. The cell pellet
was resuspended in approximately 100 pl of 1x annexin-
binding buffer (BD Pharmingen, Oxford, UK). Cell count-
ing was carried out using a Neubauer chamber and the den-
sity of the cell suspension determined. Final cell density
was then adjusted to ~1 x 107 cells per ml. The samples
were stained with 5 pl AnV-FITC and 5 w1l PI (BD Phar-
migena. Oxford, UK). After gently vortexing, cells were
incubated for 15 min, at room temperature (RT, 25 °C),
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in the dark. All the cell preparation procedures were car-
ried out with care to maintain cellular integrity. The sam-
ples were placed on ice, and the analysis was performed
within 1 h on the ImageStream multi-spectral imaging flow
cytometer (Amnis Corporation, Seattle, WA). The system
provides both photometric and morphometric classifica-
tions, as it enables visualization of individual cells passing
through the flow chamber, offering additional information
regarding morphology and spatial distribution of each cell.
At least 5-10 x 10* images were collected for each sam-
ple, and images were divided into four subgroups: live cells
(unstained), cells at early apoptotic state (stained with AnV-
FITC), cells at late apoptotic state (stained by both AnV-
FITC and PI) and necrotic cells (stained with PI). Debris,
including cell doublets and clumps, was eliminated from
the data as the machine gates around only single cells for
analysis. In flow cytometry, spectral overlap between stains
is a potential source of error. To account for this, we per-
formed compensation in line with the standard procedure
used for the Imagestream (Ortyn et al. 2006). Briefly, a
non-treated sample was divided into 3 tubes corresponding
to negative control (AnV—/PI—, without staining), AnV-
positive control (AnV +/PI — , stained only with AnV) and
PI-positive control (AnV —/PI+, stained only with PI). The
samples for each individual stain were run separately, and
results acquired for 1,000 events were processed using the
compensation matrix feature of the ImageStream data anal-
ysis and exploration software (IDEAS 5.0). The compen-
sation matrix was validated according to the matrix coef-
ficient intensity plots.

ATP content

Cellular ATP levels can be rapidly detected through a bio-
luminescent luciferase-based assay, since luciferase catal-
yses the formation of light from the reaction of ATP and
luciferin. Briefly, 1 x 10° cells were seeded onto 10 cm?
petri dishes to obtain confluent monolayers 24 h later. On
the day of the experiment, the media were gently aspirated
and the cells were incubated for 24 h with MDMA, METH,
4-MTA, D-AMP and mixture dilutions prepared in fresh
medium, at 37 °C or at 40.5 °C. Then, the cells were rinsed
twice with HBSS and scrapped/precipitated with 5 % per-
chloric acid (HCIO,, w/v). After centrifugation for 5 min
at 16,000x g (4 °C), the supernatants were kept frozen at
—80 °C until further quantification. The pellet was used
for protein quantification. The thawed acidic supernatant
was neutralized with an optimized equal volume of 0.76 M
potassium bicarbonate (KHCO;) and centrifuged for 5 min
at 16,000xg (4 °C). The ATP contents were measured in
triplicate in 96-well white plates (Greiner CELLSTAR®
from Sigma), using an ATP determination kit (Invitrogen
Corporations) following the manufacturer instructions. ATP
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levels are linearly related to the emitted light intensity that
was determined by using a luminescence microplate reader
(FLUOstar Optima, BMG Labtech GmbH) and compared
to a standard curve performed with each experiment. The
results were normalized to the total protein amount, and the
final results were expressed as nmol ATP.mg ™! protein.

Protein determination

Protein was quantified through the Bradford assay (Brad-
ford 1976). The absorbance measurements were taken at
595 nm using a multi-well plate reader (Labsystems Mul-
tiskan, Basingstoke, UK) and were compared with a bovine
serum albumin (BSA, Sigma) standard curve to assess pro-
tein amount.

Cell treatment for RNA isolation

HepG2 cells were seeded at a density of 1 x 10° cells
per 10 cm? petri dish and grown for 24 h. The cell culture
media were then replaced by selected dilutions of MDMA,
METH, 4-MTA, p-AMP and mixture. Non-treated cells
were used as controls. Following the dosing period (1, 4,
8, 16, 24 and 48 h at 37 °C), the cells were harvested by
the addition of 300 w1 0.05 % trypsin—-EDTA and incubated
at 37 °C for 5 min. The cell suspension was centrifuged at
500xg for 5 min, and the supernatant was removed. The
pellet was immediately frozen in liquid nitrogen and stored
at —80 °C until further use for RNA isolation.

Isolation and quantification of total RNA

Total RNA was isolated from cell suspensions using the
Nucleospin RNA 1I kit (Macherey—Nagel, Abgene, Epson,
UK) following the manufacturer instructions, and the
obtained RNA pellets were solubilized in RNAse/DNAse
free water to prevent traces of genomic contamination.
The concentration and purity of the final preparations
were determined after measuring the absorbances at 230,
260 and 280 nm, by calculating the 260/230 and 260/280
absorbance ratios, respectively (NanoDrop 1000-v3.7 spec-
trophotometer, Thermo Fisher Scientific).

Reverse transcription

Approximately 2.5 pg of total RNA was reverse tran-
scribed into cDNA using the following protocol: 7 ul 5x RT
buffer (Promega, Southampton, UK), 4 wl 10 mM dNTP
mix (Agilent Technologies), 1 nl RNAse inhibitor (Pro-
mega), 1 pul hexamer random primers (Invitrogen), 2.5 pg
RNA and 15 pl of RNAse/DNAse free water (Sigma-
Aldrich) were mixed and heated at 62 °C for 10 min. The
samples were then cooled on ice for 2 min before adding

2 wl M-MLV reverse transcriptase (Promega). The reaction
was then allowed to proceed for another 90 min at 42 °C.
The reverse transcribed products were stored at —80 °C
until further use.

Primer design and quantitative real-time PCR (qPCR)

Primers for gPCR were designed using Beacon designer 5.1
software (Premier Biosoft International, Palo Alto USA)
and purchased as high quality, purified OliGold Primers
from Eurogentec Ltd. (Hampshire, UK). The sequences of
the primers used are presented in Table 2.

cDNA was used in qPCR performed on the iCycler iQ
gPCR detection system with the iCycler v3.1. Software
(Bio-Rad Laboratories, Hertfordshire, UK). For a total vol-
ume of 20 pl per reaction, 0.8 pl cDNA and 10 pl 1x iQ
SYBR Green Supermix (Bio-Rad) were mixed with 9.2 pl
of an adequate dilution of forward and reverse primers mix-
ture (1 wM stock) in a 96-well low profile PCR plate (Bio-
rad). Optimized primer concentrations are listed in Table 2.
Melting curves were generated for every primer pair fol-
lowing every qPCR to ensure that a single amplification
product was obtained. Amplification was optimized for
each gene with regard to temperature, and primer and tem-
plate concentration (data not shown). PCR conditions were
considered optimized when PCR efficiency ranged between
98 and 100 %. Relative quantification was performed using
the comparative threshold cycle method. GAPDH, HPRTI
and B-ACTIN were tested as internal controls (reference
genes). As neither gene’s expression changed with the
treatments, HPRT1 was used to normalize gene expression
throughout.

Data analysis for gPCR

Expression data were analysed in terms of relative quan-
tification. HPRT1 was used as reference gene. Data were
normalized and relatively compared to the control group
according to the AACt model with the following formulas
(Livak and Schmittgen 2001):

ACt = Ct(target gene) — Ct(reference gene)
AACt = ACt(treatment group) — Mean ACt(comrol group)

The expression ratio of the treatments compared to the
controls is expected as 2722 Results were displayed as
fold increase over controls standardized such that values
obtained in controls were set to 1.

Immunoblotting

HepG2 cells were seeded at a density of 1x10° cells per
10 cm? petri dish and cultured for 24 h. Then, cells were
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Table 2 Oligonucleotide primer sequences for real-time PCR

Gene GenBank accession Primer Sequence Concentration Prod. length
number (nM) (bp)

B-Actin X00351 Forward 5'-TCAGCAAGCAGGAGTATG-3' 300 97
Reverse 5-GTCAAGAAAGGGTGTAACG-3'

GAPD NM_002046 Forward 5-TCTCTGCTCCTCCTGTTC-3' 900 120
Reverse 5'-GCCCAATACGACCAAATCC-3'

HPRT1 M31642 Forward 5-CCTTGGTCAGGCAGTATAATCC-3’ 100 135
Reverse 5'-GGGCATATCCTACAACAAACTTG-3/

Bcl-2 EU287875 Forward 5-CCTGGTGGACAACATC-3’ 100 160
Reverse 5'- GAGCAGAGTCTTCAGAG-3’

Bcl-xL BT007208 Forward 5'- TGAACAGGTAGTGAATGAAC-3’ 100 105
Reverse 5-TCCTTGTCTACGCTTTCC-3’

Bax BC014175 Forward 5’- CCTCCTCTCCTACTTTGG-3’ 150 103
Reverse 5’-GCCTCAGCCCATCTTC-3'

Bim 043521 Forward 5’- GCCACTACCACCACTTG-3’ 150 84
Reverse 5-GCAGCGAACCGAATACC-3’

BAD BT006678 Forward 5'-GATGAGTGACGAGTTTGTG-3’ 150 133
Reverse 5’-GCCCAAGTTCCGATCC-3’

PUMA AF354654 Forward 5'-AGGCGATTGCGATTGG-3' 150 107
Reverse 5-CCCTGCTCTGGTTTG-3’

BID AY005151 Forward 5-GTGAACCAGGAGTGAGTC-3' 200 112
Reverse 5-AAGCCAAACACCAGTAGC-3'

incubated with the test drugs for 24 h (PARP/cleaved PARP
detection) or 12 h (all other proteins), at 37 °C. After the
incubation period, HepG2 cells were lysed by incubat-
ing for 20 min with a freshly prepared ice-cold Laemmli
sample buffer (Laemmli 1970). Western blotting analysis
was performed as described previously (Silva et al. 2010).
The used antibodies (Cell Signalling Technology, Inc.) are
described in Table 3. The luminescent signal was captured
by ChemiDoc XRS System (Bio-Rad). To ensure that the
exact same amount of protein was evenly loaded into the
SDS-acrylamide gels, the membranes were stripped of the
antibody and re-probed with anti-p-Actin antibody.

Stripping and re-probing of membranes

Membranes were incubated at 50 °C with stripping
buffer (0.5 M Tris—HCl (pH 6.8), 20 % SDS, 0.8 %
B-mercaptoethanol) for 45 min with gentle agitation. The
blots were then rinsed with TBS-T, re-blocked and re-
probed with anti-B-Actin antibody as described above.

Mitochondrial integrity by TMRE inclusion
Assessment of mitochondrial integrity was evaluated
by measuring the tetramethylrhodamine ethyl ester

(TMRE) inclusion. TMRE is a cell permeable fluores-
cent dye that specifically stains viable mitochondria,
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being accumulated in proportion to mitochondrial mem-
brane potential (A{,,) (Scaduto and Grotyohann 1999).
Briefly, 8 x 10* HepG2 cells were seeded onto 96-well
black plates (Greiner CELLSTAR® from Sigma). After
24 h, the media were gently aspirated and the cells were
exposed to MDMA, METH, 4-MTA, p-AMP, as well
as mixture solutions prepared in fresh medium at 37 °C
or at 40.5 °C. At the end of the 24 h treatment period,
cells were rinsed twice with HBSS and incubated at
37 °C with 100 pl of 2 uM TMRE (Sigma), for 30 min.
As TMRE is a non-water-soluble powder, a 2 mM stock
solution was initially prepared in DMSO (Merck) and
stored in the dark. The final 2 WM concentration was
prepared in fresh culture media, shortly before usage
(the final concentration of DMSO did not exceed 0.5 %).
Afterwards, the media were gently aspirated and replaced
by 0.2 % BSA in HBSS. Fluorescence was measured at
37 °C on a fluorescence microplate reader (FLUOstar
Optima, BMG Labtech GmbH) set to 544 nm excitation
and 590 nm emission wavelengths. The data obtained for
the individual drug and mixture treatments were normal-
ized on a plate-by-plate basis to the values of the respec-
tive controls and calculated as the percentage of control
conditions at 37 °C or 40.5 °C. This normalization is
required to minimize the variability among the individual
plate readings and has been extensively described else-
where (Rajapakse et al. 2004).
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Table 3 Anti.bodies used in Antibody Source Dilution

Western blotting
Puma Rabbit polyclonal 1:1,000 in 5 % w/v BSA/TBS-T
Bak Rabbit monoclonal 1:1,000 in 5 % w/v BSA/TBS-T
Bax Rabbit monoclonal 1:1,000 in 5 % w/v BSA/TBS-T

BidFull length (22 kDa) and cleaved

large fragment (15 kDa)
BimEL, L and S isoforms

PARPFull length (116 kDa) and cleaved

large fragment (89 kDa)
Anti-rabbit IgG, HRP-linked

B-Actin

Rabbit polyclonal 1:1,000 in 5 % w/v non-fat dry

milk/TBS-T

Rabbit monoclonal 1:1,000 in 5 % w/v BSA/TBS-T

Rabbit polyclonal 1:1,000 in 5 % w/v non-fat dry
milk/TBS-T

Rabbit 1:3,000 in 5 % w/v non-fat dry
milk/TBS-T

Rabbit monoclonal 1:1,000 in 5 % w/v BSA/TBS-T

Measurement of caspase-3/7 activity

Caspase-3/7 activation assay was performed using a
Caspase-Glo 3/7 assay kit according to the manufactur-
er’s instructions (Promega, Southampton, UK). Briefly,
HepG2 cells were seeded onto Greiner Bio-One CELL-
STAR® 96-well white plates (Fisher, UK) at a density of
10* cells/well. After 24 h, the cells were exposed to the 4
tested amphetamines, individually or in mixture at 37 °C.
Each plate also included a blank (medium alone), a nega-
tive control (untreated cells) and a positive control (15 uM
Mitomycin C, MMC, derived from Streptomyces caespito-
sus, Sigma-Aldrich). All the treatments were run at least in
triplicate. Following the dosing period (1, 4, 8, 16, 24, 36
and 48 h), Caspase-Glo 3/7 reagent was added to each well.
The plate was then incubated in the dark at RT, for 1 h, and
the luminescence was measured with a multi-well plate-
reading luminometer (FLUOstar Optima, BMG Labtech
GmbH). Luminescence is proportional to the amount of
caspase activity present.

Sulforhodamine B assay

As the different treatments and time points may influence
the cellular density per well in the caspase 3/7 assay, the
sulforhodamine B (SRB, Sigma-Aldrich) assay was run in
parallel for each treatment and used for normalization of
the cell number. Briefly, after the testing periods, the assay
was finished by placing a clear 96-well plate on ice, for
1 min. After gently removing the experimental media, the
cells were fixed with 200 pl of 10 % trichloroacetic acid,
for 20 min and rinsed 5 times with tap water. After air-dry-
ing, 50 pnl 4 % SRB was added to each well and incubated
for 10 min. The cells were then washed with 1 % acetic
acid until the solution ran clear, to remove unbound dye.
After air-drying in the dark, the bound dye was solubilized
with 100 pul of 10 mM Tris solution (pH 10.5). Absorb-
ances were measured at 510 nm, directly in the plate, using

a multi-well plate reader (Labsystems Multiskan, Basing-
stoke, UK). The data obtained was correlated with the cell
number of each well by means of a calibration curve previ-
ously plotted.

Statistical analysis

All assays were performed in at least four independent
experiments (with exception of the cytometry assay per-
formed in two), and SD values were always <10 %. Data
achieved were expressed as mean = SEM (standard error
of the mean). All statistical calculations were performed
using the GraphPad Prism version 5.0a for Mac OS X
(GraphPad Software, San Diego California, USA). Normal-
ity of the data distribution was assessed by three tests (Kol-
mogorov—Smirnov normality test, D’ Agostino and Pearson
omnibus normality test and Shapiro—Wilk normality test).
The control values (raw data) obtained for hyperthermic
and normothermic incubations in the determination of the
mitochondrial integrity were compared by the Student’s
unpaired ¢ test in order to investigate potential effects asso-
ciated with the increase in temperature alone. All the other
statistical comparisons were estimated by the nonparamet-
ric method of Kruskal-Wallis [one-way analysis of vari-
ance (ANOVA) on ranks] followed by the Dunn’s multiple
comparison test. p values lower than 0.05 were considered
statistically significant.

Results

Viability assessment by NR lysosomal uptake

In order to corroborate the previously published cytotox-
icity of MDMA, METH, 4-MTA, p-Amp and mixture in
HEPG?2 cells (Dias da Silva et al. 2013b) obtained in the

MTT assay and confirm that the concentrations selected
here were, in fact, equieffective and corresponded to 25 %
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toxicity effects, we evaluated the viability of HEPG2 cells
in response to the amphetamines and their mixture in the
NR lysosomal uptake assay.

The data presented in Fig. 1 (white bars) indicate a
time-dependent increase in cytotoxicity, when the HepG2
cells were exposed at 37 °C to the 4 tested amphetamines,
alone and combined. At 37 °C, MDMA cytotoxicity was
observed after 12 h of treatment, and 4-MTA cytotoxic-
ity was observed after 24 h of treatment. All other treat-
ments elicited cytotoxicity only after 48 h of treatment.
Conversely, when the incubation temperature was raised to
40.5 °C, all the drugs (alone or combined) induced cyto-
toxicity after 6 h of treatment. Overall, we observed that,
at 48 h, under normothermia (the temperature used to
determine the equieffective cytotoxic concentrations in the
MTT assay), the cytotoxicity determined by the NR assay
showed effect levels that were similar to those obtained
in the MTT (Dias da Silva et al. 2013b), confirming that,
at the selected concentrations, the cytotoxic effects of the

XXX
i =

individual amphetamines and the mixture are similar.
Accordingly, no substantial disparities were observed when
comparing responses elicited by individual amphetamines
with those obtained from the mixture. The noted excep-
tions were for MDMA (at 40.5 °C after 48 h, p < 0.05) and
METH (at 37 °C after 24 h, p < 0.05).

Differential contributions of necrosis and apoptosis to
HepG?2 cell death elicited by amphetamines

To investigate which mechanisms mediate the cytotoxic
effects of the four amphetamines and their combination,
we analysed, by flow cytometry, the contribution of apop-
tosis and necrosis to the observed hepatocyte death. HepG2
cells had been exposed to individual and combined drugs
at different time points (24 h and 48 h) and different tem-
peratures (37 and 40.5 °C). After incubation, the cells
were stained with AnV-FITC and PI and evaluated using
the ImageStream multi-spectral flow cytometer (Amnis
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Corporation, Seattle, WA). On the ImageStream, each cell
was concomitantly imaged in dark field (488 nm laser
side-scatter), green fluorescence (500-550 nm, annexin V
channel), orange fluorescence (550-600 nm, PI channel)
and bright field (660-720 nm). Based on the total intensi-
ties of AnV-FITC and PI staining, the cells were grouped
into live (AnV—/PI-), early apoptotic (AnV+/PI—), late
apoptotic (AnV+/PI+) and necrotic (AnV—/PI+) popu-
lations (Fig. 2A). Of note is the fact that positive ANV/PI
double staining is not always specific to cells in late stages

Fig. 2 Imaging flow cytometry- A
based cellular classification

according to fluorescent staining

and morphological examination

of HepG2 cells using Imag-

eStream multi-spectral flow Live

cytometer (Amnis Corporation,

Seattle, WA). a After catego-

rizing HepG2 cells into live Early

(AnV—/PI-), early apoptgtlc apoptotic @
(AnV+/PI—), late apoptotic

(AnV+/PI+4) and necrotic

populations (AnV—/PI+) using Late .' N

fluorescence intensities, the ; W
identities of cell populations apoptotic - _)
were confirmed using the “vir-

tual cell sorting” function of the

IDEAS data analysis software

that analyses the data from the
ImageStream, by inspecting the

bright field, fluorescence, and

dark field (laser side-scatter) B
imagery obtained from each
cell. These population gates
were adjusted based on the
morphology of cells, enabling

a better resolution of necrotic
from late apoptotic cells. b
Representative analysis of gated
cells to show procedure for
classification. PI = Propidium
iodide; AnV = Annexin V;
Composite image = an overlay
of AnV, PI, and bright field

e
LS

NP

Necrotic

Intensity - Pl

-1ed4

Bright field

of apoptosis and may also be present in cells undergoing
necrosis, so they cannot be distinguished based solely on
fluorescence descriptions. A unique aspect of the Imag-
eStream flow cytometry system is that it allows visual
examination of the images taken, allowing the differentia-
tion between advanced apoptotic and necrotic populations,
based on their specific morphology. Cells in late apoptosis
exhibit shrunken, irregular shape and condensed (pykno-
sis), fragmented nuclei (karyorrhexis). Necrotic cells are
larger, with large, unfragmented nuclei that uniformly stain

Annexin V Propidium iodide = Composite

1e3 0 1e3 1ed 1es 1e6

Intensity - AnV (FITC)
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Fig. 3 Effect of both temperature (37 or 40.5 °C) and incubation
time (24 or 48 h) on AnV/PI staining of HepG2 cells after exposure
to MDMA, METH, 4-MTA and p-AMP, individually or in mixture.
The treatments were tested at concentrations that induced 25 %
of the maximum cytotoxic effect observed in the MTT reduction
assay (EC,s), i.e. 1.3 mM MDMA, 3 mM METH, 0.5 mM 4-MTA,
1.7 mM D-AMP and 1.6 mM mixture (Dias da Silva et al. 2013b).
HepG2 population was separated into live (AnV—/PI—), early apop-
totic (AnV+/PI-), late apoptotic (AnV+/PI+), and necrotic cells
(AnV—/PI4), according to cellular staining with AnV-FITC and
PI and cell morphology. Results are mean £ SEM from two inde-

with PI. Additionally, apoptotic cells exhibit lower bright
field intensity and greater granularity compared to necrotic
cells (Fig. 2A). So, based on these morphological features,
the population gates were adjusted, enabling a better reso-
lution between necrotic and late apoptotic cells.

Figure 3 depicts the relative numbers (% of cell popu-
lation) of live, early apoptotic, late apoptotic and necrotic
HepG?2 cells at the time of staining. The vast majority of
untreated cells (negative controls) cultivated at 37 °C
were viable after 24-h exposures (75.5 + 0.6 %). Usually,
the mortality in the controls is not as high (up to 15 %).
The reason for the relatively elevated amount of cells
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pendent experiments, run in triplicate. Statistical comparisons were
made by using Kruskal-Wallis test followed by the Dunn’s post
hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 show statistically sig-
nificant differences versus controls at the same incubation time and
temperature.p<0.05,"*p < 0.01 represent statistical comparisons
between individual drugs and the mixture at the same incubation time
and temperature. #p < 0.05, #*p < 0.01 and #p < 0.001 show statisti-
cal comparison versus the 37 °C incubation temperature. *™p < 0.01
and T**p < 0.001, represent statistically significant differences versus
the 24 h incubation time

undergoing cell death processes might be related with the
basal levels within the cell line population, the after-stain-
ing waiting time before measurement or the damage to the
plasma membrane caused during the preparation proce-
dures, which could have occurred, despite all the care taken
during technique execution.

The viable fraction in controls slightly decreased with
the increase in temperature to 40.5 °C (68.4 + 2.8 % at
24 h) and time of incubation to 48 h (70.75 4+ 5.15 % at
37 °C), reaching the highest drop when cells were incu-
bated at 40.5 °C for 48 h (57.15 4+ 0.35 %). The number
of living cells suffered a substantial decline when HepG2
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cells were treated with all the amphetamines, alone or
combined (p < 0.05 vs. control). Analysis of cell popula-
tions revealed that the distribution of the cells between
the population sets (live, early apoptotic, late apoptotic
and necrotic cells) varied with temperature and incubation
time. An overall evaluation indicated that, at 37 °C, with
the increase in incubation time from 24 to 48 h, there was a
decrease in cell viability that was mostly counterbalanced
by an increase in cells in early and/or late stages of apop-
tosis; while at 40.5 °C, the decrease in cell viability pre-
dominantly gave place to a significant rise in the necrotic
cell population. A more obvious tendency occurred regard-
ing the temperature increment from 37 to 40.5 °C as, along
with the decrease in cell viability, there was a noteworthy
expansion in the number of cells undergoing necrosis,
clearly observed for all treatments (p < 0.05), for both 24
and 48 h incubations.

In general, no significant differences were detected
when HepG2 cells were exposed to amphetamines indi-
vidually or in mixture. Notwithstanding, some exceptions
occurred at 37 °C, with early apoptosis more evident in
the mixture relative to the MDMA and METH individual
incubations after 24 h, and late apoptosis less evident in the
mixture relative to the individual treatments with MDMA,
METH, and 4-MTA at 48 h incubations. This indicates that,
although these drugs lead to the same cytotoxic outcome,
the underlying mechanisms may differ slightly.

Intracellular energetic levels

Research evidence indicates that the cell death fate, either
by apoptosis or necrosis, is a condition determined by
intracellular ATP levels, as apoptosis is an extremely
controlled phenomenon involving a number of energy-
dependent processes, such as enzymatic hydrolysis (e.g.
caspase activation), chromatin condensation, contraction
and membrane blebbing (Eguchi et al. 1997; Zamaraeva
et al. 2005).

Results displayed in Fig. 4 suggest there were no signifi-
cant differences in cellular ATP between controls and drug
treatments, when HepG2 cells were exposed at normother-
mia (37 °C). Nonetheless, the increase in the temperature
of incubation to 40.5 °C prompted significant alterations in
energy storages for all amphetaminic exposures (p < 0.05).
No statistically significant differences were observed
between the mixture and the drugs alone under the same
temperature conditions.

Expression profiles of BCL-2 family genes
Our results revealed that apoptosis plays a highly sig-

nificant role in the mechanism of cell death provoked
by the amphetamines in HepG2 cells, particularly at a

301
[ Normothermia Il Hyperthermia
25- T
£ I
2 3 =
o 201 I
s *
o
E 15 id o
= ## M *
< 104 ** Kk
g #H#
] i*
0- ed el b el bl

> v > & Q o
I

Concentration (mM)

Fig. 4 Effect of MDMA, METH, 4-MTA, D-AMP and the mixture
on ATP intracellular storages in HepG2 cells, at 37 °C (white bars) or
40.5 °C (black bars), after 24 h exposure. HepG2 cells were exposed
to amphetamines, for 24 h, at the following equieffective concentra-
tions (ECyps wrr assays after 48 h at 37 °C): 1.3 mM MDMA, 3 mM
METH, 0.5 mM 4-MTA, 1.7 mM p-AMP and 1.6 mM mixture (Dias
da Silva et al. 2013b). Results from at least four independent experi-
ments are presented as mean == SEM. Statistical comparisons were
made by using Kruskal-Wallis test followed by the Dunn’s post hoc
test. *p < 0.05, **p < 0.01, ***p < 0.001 represent statistical differ-
ences versus controls within the same incubation temperature (37 or
40.5 °C). *p < 0.05, ¥ p < 0.01 and #*p < 0.001 show statistical com-
parison between different incubation temperatures

physiological temperature (37 °C). With the aim of
exploring the specific pathways responsible for initi-
ating apoptosis in the presence of the test substances,
early intracellular events linked to apoptotic phenomena,
such as the regulation of pro- and anti-apoptotic fac-
tors, were studied under the same experimental settings.
BCL-2 family genes were found to be differentially
expressed in HEPG2 cells after incubation with equief-
fective cytotoxic concentrations of individual and com-
bined amphetamines at 37 °C. Several time points (1, 4,
8, 16, 24 and 48h) were tested (data not shown) and the
earliest incubation period exhibiting statistically signifi-
cant differences from untreated controls was at 8 h. As
shown in Fig. 5, a remarkable down-regulation of the
anti-apoptotic BCL-2 and BCL-y; genes was observed
for all treatments (p < 0.001). Accordingly, a significant
increase in the expression rates of the genes coding for
pro-apoptotic factors, BAX, BIM, PUMA and BID was
also found, with slight variations among the different
drugs (Fig. 5). No alteration in the expression pattern of
BAD was detected, with the exception of HepG2 cells
exposed to MDMA (p < 0.05).

Individual and mixture results revealed great concord-
ance, as no significant differences were observed, with
exception of BAX in MDMA -treated cells (p < 0.05).
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Fig. 5 Gene expression of pro-apoptotic and anti-apoptotic regula-
tors involved in HepG2 cell death elicited by individual and com-
bined amphetamines. qPCR analysis of BCL-2, BCL-y;, BAX, BIM,
BAD, PUMA and BID mRNA levels was performed after incuba-
tion of HepG2 cells at 37 °C, for 8 h with 1.3 mM MDMA, 3 mM
METH, 0.5 mM 4-MTA, 1.7 mM D-AMP and 1.6 mM of mixture
(concentrations inducing 25 % of the maximum effect observed in the
MTT reduction assay, EC,5) (Dias da Silva et al. 2013b). Expression
of each gene was normalized to HPRT! (reference gene) and com-
pared to the control group, according to the 2722 model. Control
values were set to 1 (dashed red line), so values higher than 1 are
indicative of up-regulation and values lower than 1 reveal down-reg-
ulation. Results are at least from four independent experiments and
are given as mean = SEM. Statistical comparisons were made using
Kruskal-Wallis test followed by the Dunn’s post hoc test. *p < 0.05,
**p < 0.01, ***p < 0.001 show statistically significant differences
versus controls. *p<0.05 indicates significant differences between
treatments with individual drugs and the mixture

Protein expression analysis

In order to confirm at the protein level, the increased
expressions observed at the gene level, the levels of pro-
apoptotic BCL-2 family markers were investigated at
37 °C, after 12 h treatments by immunoblotting. Results
showed an increase in the levels of pro-apoptotic proteins
in HepG2 cells, when these were treated with the test
amphetamines. Increases in Puma and Bax proteins were
more prominent for treatments with the mixture, while the
levels of Bim and Bid were mostly elevated with b-AMP
incubations. Similarly, an increase in Bak levels in relation
to those present in untreated controls was also observed for
all treatments (Fig. 6).

Nuclear PARP, a protein involved in DNA repair, is one
of the main cleavage targets of caspase-3 and caspase-7
in vivo. PARP inactivation has been proposed to prevent
depletion of ATP, which is thought to be required for the
latest events of apoptosis. Our data suggest that, at 24 h,
there are signs of PARP cleavage, as given by the reduc-
tion in the intensity of the PARP (116 kDa) band and the
presence of an 89 kDa fragment (corresponding to the
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cleaved protein). This was particularly evident for -AMP
(Fig. 6).

In spite of the exceptions noted above, an overall anal-
ysis of these data did not show significant differences
between the individual and mixture treatments (Fig. 6).

Mitochondrial integrity assessed by TMRE inclusion

Our data on the accumulation of TMRE inside HepG2
cells exposed to test amphetamines for 24 h revealed only
slight, insignificant (p > 0.05) declines in AV, when
incubations were carried out at 37 °C (Fig. 7). However,
considerable deviations from controls were obtained in
hyperthermic conditions (p < 0.01), as observed by the
decline in TMRE mitochondrial inclusion, indicating sig-
nificant mitochondrial impairment. No significant differ-
ences were identified (p > 0.05) between control incuba-
tions at 37 °C (40702 £ 12264 fluorescence units) and at
40.5 °C (44255 + 10562 fluorescence units), showing that
the increase in temperature alone had no impact on A,
Moreover, at 40.5 °C, mixture results presented relevant dis-
similarities from those obtained with MDMA, METH and
4-MTA (p < 0.05). For p-AMP, no significant differences
were observed between the individual drug and the mixture.

Measurement of caspase-3/-7 activity

The purpose of the current determination was to define
the contribution of caspase-3/7 activity to the extent
of observed cell death and identify the onset and peak
of this molecular event for each treatment, in order to
identify possible differences between the mechanisms
underlying the cytotoxicity of individual and combined
amphetamines.

As observed in Fig. 8§, MDMA and METH induced
a short, but significant increase in enzyme activity from
8-16 h of incubation (maximal effects of 1.34 + 0.14-
fold increase and 1.36 + 0.21-fold increase, respectively),
which remained more or less constant after 16 h of expo-
sure (p < 0.001). Earlier and more pronounced effects were
observed when HepG2 cells were exposed to 4-MTA and
to D-AMP, as significant effects were seen as early as 1 h
(4-MTA) and 4 h (D-AMP) of incubation. A peak in the
effects of these drugs was achieved at 16 h (5.08 £ 0.36-
fold increase) and 24 h (3.91 + 0.69-fold increase) for
4-MTA and p-AMP, respectively.

There were no statistically significant differences
between the mixture and any other treatment, for any of
the incubation periods. In fact, mixture effects were clearly
seen at 8 h of treatment (p < 0.05) and seem to lie between
all individual responses, being more pronounced at 16 h
(2.16 £ 0.40-fold increase).
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Discussion

Years of clinical and experimental evidence have dem-
onstrated hepatotoxicity after amphetamine exposure in
human abusers and laboratory animals (Andreu et al. 1998;
Beitia et al. 1999; Brncic et al. 2006; Khakoo et al. 1995;
Montiel-Duarte et al. 2002). Accordingly, our in vitro find-
ings in the human hepatoma HepG2 cell line indicate that
all tested amphetamines and their combination promote
time-(6—48 h) and temperature-(37 and 40.5 °C) dependent
mortality, when evaluated by the NR reuptake assay. The
neutral red uptake assay provides a quantitative estimation
of the number of viable cells in a culture based on lysoso-
mal membrane damage, while the MTT assay, which was
used in some of our previous studies to determine cyto-
toxicity (Dias da Silva et al. 2013b), reflects the number
of viable cells by measuring cellular metabolic activity
via mitochondrial oxidoreductase enzymes. Under nor-
mothermic conditions, the NR assay demonstrated similar
sensitivity to the MTT reduction assay at 48 h, for all of
our tested drugs, further confirming their cytotoxic profile
(Dias da Silva et al. 2013b).

Several lines of investigation suggest that either necro-
sis or apoptosis mediates the reported amphetamine-related
toxicity. Previous reports have shown that amphetamine
designer drugs can induce apoptosis in human seroton-
ergic JAR cells (Simantov and Tauber 1997), rat cortical
neurons (Cunha-Oliveira et al. 2006; Stumm et al. 1999;
Warren et al. 2007), immortalized mesencephalic neurons
(Cadet et al. 1997; Kanthasamy et al. 20006), rat cerebellar
granule cells (Jimenez et al. 2004), striatal glutamic acid
decarboxylase (GAD)-containing neurons (Jayanthi et al.
2004) and in mice striatal dopaminergic neurons (Krasnova
et al. 2005; Zhu et al. 2005), among others. Capela et al.
(2012) have additionally demonstrated MDMA-induced
programmed neuronal death, involving both the mitochon-
dria machinery and the extrinsic cell death pathway in pri-
mary cultures of hippocampus obtained from rat embryos.
Albeit the neuronal system being the most widely studied,
apoptosis has also been demonstrated in cultured hepatic
stellate cells (Montiel-Duarte et al. 2002, 2004) and in
freshly isolated rat hepatocytes exposed to amphetamines
(Montiel-Duarte et al. 2002). Conversely, post-mortem
reports of intoxicated abusers describe cases of human liv-
ers exhibiting clear necrotic effects, from foci of individual
necrotic cells to massive hepatic necrosis (Milroy et al.
1996), which seems to indicate that apoptosis is not the
only mechanism of cell death attributed to amphetamines
(Pontes et al. 2008). In addition to liver necrosis, which
is accompanied by fatty degeneration and inflammation,
Sano et al. (2009) have also observed small foci of myocyte
necrosis, providing further evidence of the extension of this
cell death process to other organ systems.

A classical definition of necrosis, based on morphologi-
cal criteria, presumes an unregulated phenomenon involv-
ing damage of membrane integrity, cellular disruption and
swelling of cytoplasmic organelles; whereas apoptosis is
characterized by organized plasma membrane blebbing, cell
shrinkage and typical modifications of nuclear morphology,
such as chromatin condensation and fragmentation.

With the current investigation, we expected to provide
new insights into the putative mechanisms underlying the
reported cellular death observed here and in previous stud-
ies (Dias da Silva et al. 2013b, c, d), under physiological
and hyperthermic settings. Additionally, we expected to
provide new understandings of the way amphetamines
work when in combination. Effectively, a few studies aimed
at establishing the type of interaction between ampheta-
mines have already been carried out (Dias da Silva et al.
2013a, b, c, d), and support the hypothesis that these drugs
act in a similar way to prompt the overall mixture cytotox-
icity. However, the mechanisms underlying such additive
interactions are yet to be fully understood.

We, therefore, evaluated the rate of necrosis versus apop-
tosis in HepG?2 cells following incubation with these drugs,
under different time and temperature conditions. Our find-
ings indicate that in the absence of heat stress (at 37 °C),
HepG2 cells preferentially exhibited death with apoptotic
characteristics, with an increase in early apoptotic cells,
especially evident in the incubations with 4-MTA, p-AMP
and the mixture. This agrees well to the observed increases
in caspase 3/7 activities at the same incubation conditions.
The extent of hepatocellular apoptosis is dependent on the
duration of exposure to the tested drugs, being more pro-
nounced after 48 h incubations.

Apoptosis is a highly effective cell-suicide programme,
which entails the orchestrated interplay of a range of pro-
moter and suppressor agents, many of which belong to
the BCL-2 family, which comprises a number interrelated
proteins that regulate mitochondrial or intrinsic pathway
of apoptosis via their pro-apoptotic and pro-survival (antia-
poptotic) activity. Pro-apoptotic BCL-2 factors are also
involved in the enhancement of the extrinsic death receptor
pathway. So far, approximately 20 BCL-2 family members
have been identified and are classically divided into three
subfamilies: Bcl-2 pro-survival subfamily (including Bcl-2
and Bcl-x; ), Bax-like pro-apoptotic subfamily (comprises
Bax and Bak) and BH3-only pro-apoptotic subfamily.
These proteins are crucial controllers of the permeabiliza-
tion of the outer membrane of the mitochondria, which pro-
motes the release of cyt ¢ and other apoptotic factors to the
cytosol, activating the downstream effector caspase-3/-7
cascade. As this is considered an irreversible point in the
programmed cell death, these proteins play a pivotal role
in deciding whether a cell lives or dies. Pro- and anti-
apoptotic BCL-2 members may be regulated not only by
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<« Fig. 6 Immunoblotting analysis of the effect of MDMA, METH,
4-MTA, p-AMP and their mixture on the expression of pro-apop-
totic markers. a Western blotting of poly (ADP-ribose) polymerase
(PARP)/cleaved PARP, Bak, Puma, Bim (EL, S and L isoforms), Bid/
cleaved Bid and Bax protein expressions performed after incuba-
tion of HepG2 cells at 37 °C, for 24 h (PARP/cleaved PARP) or 12 h
(all other proteins), with 1.3 mM MDMA, 3 mM METH, 0.5 mM
4-MTA, 1.7 mM p-AMP and 1.6 mM mixture (concentrations induc-
ing 25 % of the maximum effect observed in the MTT reduction
assay, EC,5) (Dias da Silva et al. 2013b). B-Actin was used as an
internal loading control. b The bar graph represents fold increase in
protein expression over controls (mean + SEM, n < 3) normalized
against an actin loading control

post-translational mechanisms but also at the genomic
level, by a change in gene expression profiles. To ascer-
tain to what extent pro-apoptotic and anti-apoptotic BCL-2
family regulators may account for triggering apoptosis in
HepG2 cells after exposure to amphetamines, the expres-
sion of some apoptosis-regulating genes was investigated
by qPCR. The results presented herein clearly show the sig-
nificant downregulation of BCL-2 and BCL-y,; gene expres-
sions in response to amphetamine treatment. Other authors
have already reported a decreased expression of these anti-
apoptotic markers in the rat liver after exposure to MDMA
(Cerretani et al. 2011; Montiel-Duarte et al. 2002; Upreti
et al. 2011) and D-AMP (De Miglio et al. 2000), but this
correlation was never reported for hepatotoxicity provoked
by METH and 4-MTA, nor for amphetamine combinations.

The proteins encoded by these anti-apoptotic genes have
the role of preventing the activation of a proteolytic cas-
pase cascade that condemns cells to death, through direct
interactions with the pro-apoptotic members (Cory et al.
2003; Garcia-Saez 2012; Gross et al. 1999). Indeed, it had
become evident that it is the imbalance between the oppos-
ing BCL-2 family members, in favour of pro-apoptotic
regulators, rather than the proteins themselves, that controls
the release of downstream effector caspases. Accordingly,
we observed increases in the BAX/BCL-2 ratios with all
drug treatments (MDMA 4.78; METH 7.34; 4-MTA 9.54;
D-AMP 11.06; mixture 9.18; where control value was set
to 1).

In accordance with results obtained in other cellular
systems for METH (Genc et al. 2003; Pereira et al. 2006;
Shao et al. 2012) and pD-AMP (De Miglio et al. 2000;
Krasnova et al. 2005), anti-survival Bax was found to be
differentially expressed in HepG2 cells after ampheta-
mine treatment. Notwithstanding, as far as we know, this
is the first study reporting Bax overexpression induced
by MDMA and 4-MTA. Also, this is the first time that an
association between Bak overexpression and apoptosis has
been reported for our test drugs. It is conceivable that in our
cellular model, upon a death stimulus, Bax, which is pre-
sent in the cell in the form of cytosolic monomers, trans-
locates to the mitochondria. Once there, Bax and Bak, the

latter being constitutively bound to the outer membrane of
the organelle, suffer conformational changes, integrate into
the membrane and oligomerize (Nechushtan et al. 2001).
The formed oligomers provoke the permeabilization of
the outer mitochondrial membrane, permitting the release
of several crucial pro-death factors from the mitochondrial
intermembrane space into the cytoplasm, which in turn
activate the effector caspase-3 and -7 that execute apoptosis
(Susin et al. 1999; Verhagen and Vaux 2002).

Under normal cellular conditions, the BH3-only regula-
tors (e.g. Bid, Bim and Puma) have no activity or exist only
at residual levels. Upon stimuli, such as that induced by
amphetamines, they are transcriptionally upregulated (simi-
larly to what was observed with Bim, Bad, Puma and Bid)
or activated by post-translational modifications, such as
dephosphorylation, subcellular translocation or proteolysis
(as with Bim and Bid). To the best of our knowledge, Puma
and Bim have never been linked with the toxicity induced
by amphetamines. Increased Bad has been associated with
apoptosis induced by METH in mouse neocortex (Jayan-
thi et al. 2001) and rat striatum (Beauvais et al. 2011), and
upregulation of Bid has been reported in rat liver exposed
to MDMA (Cerretani et al. 2011) and in mouse brain
exposed to METH (Deng et al. 2007; Jayanthi et al. 2001),
but not in hepatocytes. When activated, these proteins gov-
ern apoptosis either by directly activating Bax/Bak or neu-
tralizing the role of pro-survival members, such as Bcl-2,
Bcl-x; . Upon BAD dephosphorylation, a heterodimer with
Bcl-2 and Bcl-xL is formed, inactivating these anti-apop-
totic markers, and thus promoting Bax/Bak-triggered apop-
tosis. On the other hand, BAD phosphorylation allows the
formation of BAD homodimers, leaving Bcl-2 and Bel-xL
free to inhibit apoptosis.

In the particular case of Bid, it was observed that its
expression was increased at both transcript and protein lev-
els under our experimental conditions. This p22 protein is
generally confined to the cytosol of the cell in an inactive
form. When activated, caspase-8 mediates its cleavage into
one major pl5 and two minor p13 and pl1 fragments, and
leads to the translocation of the p15-truncated form (tBID)
to the mitochondrial outer membrane (Li et al. 1998; Luo
et al. 1998; Yin et al. 1999). Since the apical caspase-8 is
activated by cell surface death receptors, such as Fas and
tumour necrosis factor (TNF), it is plausible that extrinsic
signalling pathways mediate, at least in part, the apoptotic
responses triggered by amphetamines in HepG2 hepato-
cytes. Supporting this possibility are the results presented
by Capela et al. (2012) that demonstrated programmed cell
death of primary cultures of hippocampal neurons exposed
to MDMA and 2,5-dimethoxy-4-iodoamphetamine with
significant increases in both caspase-8 and caspase-3
activities induced by both drugs. Also, the intrinsic trigger-
ing of the programmed cell death cannot be excluded, as
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Fig. 7 Effect of MDMA, METH, 4-MTA, p-AMP and mixture on
mitochondrial membrane potential in HepG2 cells, at 37 °C (white
bars) or 40.5 °C (black bars). HepG2 cells were exposed to ampheta-
mines, for 24 h, at the following equieffective concentrations (EC,s
MTT Assay): 1.3 mM MDMA, 3 mM METH, 0.5 mM 4-MTA, 1.7 mM
D-AMP and 1.6 mM mixture (Dias da Silva et al. 2013b). Shown are
the mean = SEM from four independent experiments, with six rep-
licates each, expressed as percentage of controls (fluorescence of
non-treated cells) for 37 or 40.5 °C incubations. The red dashed line
indicates the control values, set to 100 %. Statistical comparisons
were made using the Kruskal-Wallis test followed by Dunn’s post
hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 show statistically sig-
nificant differences versus controls, at the same incubation tempera-
ture. *p<0.05, **p < 0.01 indicate differences between the individ-
ual treatments and the mixture, at the same incubation temperature.
*p < 0.05, ¥ < 0.01 and #*p < 0.001 show statistical differences
versus 37 °C incubations

other studies have already linked the activation of caspase
9 to the cytotoxicity elicited by amphetamines. For exam-
ple, the activation of this apoptosis mitochondrial path-
way executioner has been reported after SH-SYS5Y human
neuroblastoma cell line exposure to MDMA and 4-MTA
(Montgomery et al. 2010). In addition, d-Amp induced the
activation of caspase-9 in rat cortical neurons and METH
promoted the cleavage of this caspase in rat brain (Jayan-
thi et al. 2004) and in an immortalized rat striatal cell line
(Deng et al. 2002). It can also be argued that following
translocation of tBID (involved in the extrinsic pathway),
the Bax/Bak oligomerization promotes cyt ¢ efflux from
the mitochondria that proteolytically activates caspase-9.
Regardless of the programmed cell death being triggered
by the activation of cell surface death receptors (extrinsic
apoptosis pathways) or in response to signals instigated
from inside the cell (intrinsic apoptosis pathways), the sig-
nals of such diverse sources seem to ultimately converge
to activate common downstream mechanisms, specifically
the apoptosis executioner caspase cascade. Among effector
caspases that are proteolytically activated are the caspase-3
and -7, two cysteine-aspartic acid proteases that, following

@ Springer

activation, cleave a specific set of protein substrates,
including procaspases themselves and PARP, resulting in
the spreading of apoptotic death stimulus and eventually in
the execution of cell suicide. Our results seem to indicate
that apoptosis induced by amphetamines in HepG2 cells
occurred primarily through extrinsic and/or mitochondrial
pathways. This was further confirmed by the observed acti-
vation of caspases-3 and-7 and cleavage of cellular compo-
nents, like PARP, in the presence of the test substances.

The mitochondria have been shown to play a major
role in apoptosis by mediating and propagating death sig-
nals originated from the inside (intrinsic apoptotic path-
way) or outside (extrinsic apoptotic pathway) of the cell.
Most apoptotic events involve the dissipation of the mito-
chondrial inner transmembrane potential (Av,), which is
crucial for maintaining the physiological function of the
mitochondrial respiratory chain. A significant loss in Ay,
impairs oxidative phosphorylation, which depletes the cells
of energy and promotes the release of apoptotic factors,
with subsequent death. We did not detect any disruption of
mitochondrial membrane potential when HepG2 cells were
exposed to amphetamines, at 37 °C. Notwithstanding, the
importance of mitochondrial dysfunction in hepatocyte
programmed death is unclear. Despite the loss of Ay,
being allegedly an early apoptotic event, there is emerging
evidence advocating that this may not be the case. Depend-
ing on the cell system under investigation and the apop-
totic stimuli, the loss of A, may not be required for cyt ¢
release (Ly et al. 2003). These conflicting data may also be
attributed to the distinct abilities of different fluorochromes
used in the different studies to accurately discriminate
changes in A,

From our results, it was also clear that the increase in
temperature (from 37 to 40.5 °C) rendered cells more
vulnerable to necrosis, for both time conditions (24 and
48 h). This suggests that there is a change in the mode of
cell death with the increase in temperature. At physiologi-
cal temperature, amphetamines led preferentially to apop-
tosis, but under hyperthermia, cellular death was mostly
due to necrosis and not apoptosis. It is known that hyper-
thermia aggravates the cytotoxicity of amphetamines in
several study models including primary hepatocytes (Car-
valho et al. 1997, 2001; Pontes et al. 2008), neuronal cells
(Capela et al. 2006) and skeletal muscle (Duarte et al.
2005). We observed that a 3.5 °C increment was suffi-
ciently detrimental to provoke premature death of HepG2
cells by necrosis, even in controls, advocating that hyper-
thermia per se is deleterious enough to trigger necrotic
pathways. Necrotic effects were additionally enhanced with
the widening of drug exposure period (from 24 to 48 h).
Previous studies have shown that high temperatures induce
a pro-oxidant state by triggering the formation of reactive
oxygen and nitrogen species with subsequent production
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Fig. 8 Time-course of caspase-3/-7 activation in HepG2 cells
exposed to MDMA (a), METH (b), 4-MTA (c), D-AMP (d), individu-
ally and in combination (e). The compounds were tested at concentra-
tions that induce 25 % of the maximum effect observed in the MTT
reduction assay (EC,s), i.e. 1.3 mM MDMA, 3 mM METH, 0.5 mM
4-MTA, 1.7 mM p-AMP and 1.6 mM mixture (Dias da Silva et al.
2013b). Caspase-3/-7 activation was measured using a caspase-Glo

of oxidative/nitrosative stress, which depletes HepG2 cells
from glutathione and, particularly, from ATP (Dias da
Silva et al. 2013c). In the present study, the vulnerability
of the cells exposed at hyperthermia was further exacer-
bated with the exposure to amphetamines, as necrosis was
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3/7 assay kit (Promega) after 1, 4, 8, 16, 24, 36 or 48 h of incubation,
at 37 °C. Results are from five independent experiments performed in
six replicates and are presented as mean £+ SEM. Control values are
set to O (dashed red line). Statistical comparisons were made using
the Kruskal-Wallis test followed by Dunn’s post hoc test. *p < 0.05,
**p < 0.01, ***p < 0.001 show statistically significant differences
versus controls (color figure online)

greatly increased in the treatment groups in comparison
to controls. Supporting our observations, a previous study
performed by Pontes et al. (2008), which evaluated the
apoptotic/necrotic features induced by MDMA in primary
cultured rat hepatocytes incubated at 37 or 40.5 °C for 24 h,
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showed that the cell death occurred preferentially through a
necrotic pathway at the higher incubation temperature.

Intracellular ATP levels corroborate these results.
Although energy contents slightly decrease in HepG2 cells
treated with amphetamines at 37 °C, the ATP decline only
presented statistically substantial differences (p < 0.05)
when cells where exposed at 40.5 °C. Actually, as observed
in this study, when temperature was set to physiological
conditions (37 °C), cells exposed to amphetamines pref-
erentially died by apoptosis. This programmed process is
highly regulated and requires energy for a number of ATP-
dependent stages (Richter et al. 1996; Zamaraeva et al.
2005), such as caspase activation (Li et al. 1997), chroma-
tin condensation (Kass et al. 1996) and blebbing (Barros
et al. 2003). On the other hand, it has been proven that the
exhaustion of ATP cellular storages redirects the type of
death from apoptosis to necrosis (Leist et al. 1997; Nico-
tera et al. 1998). This is in agreement with our results, con-
sidering that hyperthermia (40.5 °C) per se was capable of
reducing cellular ATP and that this effect was further exac-
erbated in the presence of amphetamines. While in the pre-
sent study we did not observe a significant decrease in ATP
levels at 37 °C; in previous studies, these amphetamines
were able to reduce the intracellular HepG2 energetic lev-
els on their own, but only at higher concentrations (Dias da
Silva et al. 2013c). However, also in this previous study, the
most significant ATP reductions were attained at hyperther-
mic incubation conditions (Dias da Silva et al. 2013c). Sup-
porting our observations, studies with primary hepatocytes
incubated with MDMA at 37 and 40 °C showed that a sig-
nificant ATP depletion occurred only at the highest incuba-
tion temperature (Pontes et al. 2008).

Apoptosis is a physiologically occurring programmed
and targeted way of cell death that normally provides
benefits to the organism. In contrast, despite investiga-
tions suggesting that necrosis occurrence and progression
might be tightly controlled (Golstein and Kroemer 2007,
Proskuryakov et al. 2003), it almost always implies nega-
tive consequences. Contrary to apoptosis, in which apop-
totic bodies containing cytosol, condensed nuclear material
and organelles are ultimately engulfed by phagocytes with-
out causing any damage; cells undergoing necrosis suffer
early plasma membrane rupture, loss of selective perme-
ability, dilatation of cytoplasmic organelles, particularly
mitochondria and uncontrolled leakage of cellular contents
into the extracellular space. This results in injury of neigh-
bouring cells and severe inflammatory reaction in the cor-
responding tissue, which could become chronic and cause
irreparable damage. Given the fact that the higher tem-
perature used in our experiment (40.5 °C) coincides with
the body temperatures that recreational abusers may attain
after ecstasy consumption, our results support the hypoth-
esis that amphetamine-induced thermodysregulation, which
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is also exacerbated by the hot and overcrowded venues
were consumption often occurs, is one of the key causes of
necrosis-mediated acute liver failure.

Overall, no major differences were observed between
the independently tested amphetamines and their mixture
for any of the investigated endpoints. This supports the
assumption that these compounds, tested at equal effect
concentrations, behave similarly and do not interact with
each other in any unexpected way. In other words, this sup-
ports previous observations which showed that, when com-
bined, these amphetamines act in an additive manner (Dias
da Silva et al. 2013b).

The tested concentrations used in the present study are
in the range of concentrations used in several mechanistic
in vitro studies (Simantov and Tauber 1997; Stumm et al.
1999; Carvalho et al. 2004a, b; Capela et al. 2006). They
are higher than concentrations commonly found in human
abusers. However, it should be noted that high interin-
dividual variations of blood levels in cases of severe and
even fatal intoxications have been observed. For MDMA,
for example, blood concentrations can be as high as 70 M
(De Letter et al. 2004, 2006). In such cases, the autopsy
findings have shown that the tissue levels of the drug can be
up to 30 times higher than blood concentrations (De Letter
et al. 2006; Garcia-Repetto et al. 2003).

In conclusion, the cell death mechanism (apoptosis or
necrosis) induced by amphetamines, alone and in mixture,
depends on both temperature and duration of exposure. It is
possible that under less hostile temperature settings, psycho-
stimulant amphetamines promote programmed hepatocyte
death involving both the mitochondrial machinery, (through
the synchronized interaction between BCL-2 members), and
the extrinsic cell death, possibly by activating caspase-8.
Although upstream mechanisms were not totally clarified,
our results evidenced that apoptosis common pathways were
eventually activated, after HepG2 cells exposure to ampheta-
mines. Further approaches aimed at elucidating the involve-
ment of the mitochondrial and, particularly, extrinsic recep-
tor pathway should be considered in the future. We stress
the importance of these results for an improved knowledge
of the molecular mechanisms involved in amphetamines tox-
icity, which should aid in implementing novel therapeutic
approaches with a view to avoid or attenuate the acute and/or
chronic consequences of ecstasy misuse.
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