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Abstract Synthetic cathinones have emerged in recreational
drug markets as legal alternatives for classical amphetamines.
Though currently banned in several countries, 3,4-methylen-
edioxypyrovalerone (MDPV) is one of the most commonly
abused cathinone derivatives worldwide. We have recently
reported the potential of MDPV to induce hepatocellular
damage, but the underlying mechanisms responsible for such
toxicity remain to be elucidated. Similar to amphetamines,
a prominent toxic effect of acute intoxications by MDPV is
hyperthermia. Therefore, the present in vitro study aimed to
provide insights into cellular mechanisms involved in MDPV-
induced hepatotoxicity and also evaluate the contribution of
hyperthermia to the observed toxic effects. Primary cultures of
rat hepatocytes were exposed to 0.2—1.6 mM MDPYV for 48 h,
at 37 or 40.5 °C, simulating the rise in body temperature that
follows MDPV intake. Cell viability was measured through
the MTT reduction and LDH leakage assays. Oxidative stress
endpoints and cell death pathways were evaluated, namely
the production of reactive oxygen and nitrogen species (ROS
and RNS), intracellular levels of reduced (GSH) and oxidized
(GSSG) glutathione, adenosine triphosphate (ATP) and free
calcium (Ca2+), as well as the activities of caspases 3, 8 and
9, and nuclear morphological changes with Hoechst 33342/
PI double staining. At 37 °C, MDPYV induced a concentration-
dependent loss of cell viability that was accompanied by GSH
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depletion, as one of the first signs of toxicity, observed already
at low concentrations of MDPV, with negligible changes on
GSSG levels, followed by accumulation of ROS and RNS,
depletion of ATP contents and increases in intracellular Ca>*
concentrations. Additionally, activation of caspases 3, 8, and
9 and apoptotic nuclear morphological changes were found in
primary rat hepatocytes exposed to MDPYV, indicating that this
cathinone derivative activates both intrinsic and extrinsic apop-
totic death pathways. The cytotoxic potential of MDPV and all
the studied endpoints were markedly aggravated under hyper-
thermic conditions (40.5 °C). In conclusion, these data suggest
that MDPV toxicity in primary rat hepatocytes is mediated by
oxidative stress, subsequent to GSH depletion and increased
ROS and RNS accumulation, mitochondrial dysfunction, and
impairment of Ca?" homeostasis. Furthermore, the rise in
body temperature subsequent to MDPV abuse greatly exacer-
bates its hepatotoxic potential.

Keywords MDPV - Synthetic cathinones -
Hepatotoxicity - Hyperthermia - Oxidative stress

Abbreviations
MDPV  3.4-Methylenedioxypyrovalerone

MDMA 3.,4-Methylenedioxymethamphetamine
GSH Reduced glutathione

GSSG  Oxidized glutathione

ROS Reactive oxygen species

RNS Reactive nitrogen species

ATP Adenosine triphosphate
Introduction

Synthetic cathinones are a broad group of novel psycho-
stimulant substances, commonly known as ‘bath salts’,
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that originally appeared in the recreational drug mar-
kets as legal alternatives to classical illicit drugs, namely
amphetamines and cocaine (for a comprehensive review
on synthetic cathinones, please see Valente et al. 2014)
Although recently regulated in several countries, cathi-
none derivatives are expanding into the illicit markets and,
therefore, remain widely accessible in Internet Web sites
and can also be purchased through street dealers (Ger-
man et al. 2014; Johnson and Johnson 2014). This group
of substances comprises structural derivatives of cathi-
none, a phenylalkylamine alkaloid naturally present in
the khat plant (Catha edulis) (Valente et al. 2014). Cathi-
none is structurally related to amphetamine, differing only
by the presence of a ketone group in the f-position of the
alkylamine side chain (Fig. 1). For this reason, cathinone
derivatives are often termed B-keto amphetamines. Based
on the close chemical similarities, cathinone and cathinone-
derived designer drugs share many of the pharmacological
and behavioral characteristics commonly associated with
the amphetamine psychostimulants, including increased
locomotor activity (Aarde et al. 2013; Gatch et al. 2013;
Jones et al. 2014; Lopez-Arnau et al. 2012), thermoregu-
latory disruption (Lopez-Arnau et al. 2015; Miller et al.
2013; Shortall et al. 2013) and the ability to produce dis-
criminative stimulus effects (Fantegrossi et al. 2013; Gatch
et al. 2013; Varner et al. 2013). From over seventy synthetic
cathinone derivatives identified so far, 3,4-methylenedi-
oxypyrovalerone (MDPV) has received notoriety as a major
component of ‘bath salts’ products (EMCDDA-Europol
2014; EMCDDA 2015; Zuba and Byrska 2013), and is one
of the most commonly abused derivatives worldwide by
virtue of its amphetamine- and cocaine-like effects (John-
son and Johnson 2014; Murray et al. 2012). Structurally,
MDPV contains both a 3,4-methylenedioxy ring attached
to the phenyl group similar to the well-known 3,4-meth-
ylenedioxymethamphetamine (MDMA, ‘ecstasy’), and
a pyrrolidine ring in the side chain making it close to the
psychostimulant pyrovalerone (Fig. 1). Not surprisingly,

Fig.1 Chemical structures

of amphetamine, MDMA,
cathinone, pyrovalerone and
MDPV. MDMA 3,4-methyl-
enedioxymethamphetamine,
MDPYV 3 4-methylenedioxypy-
rovalerone (color figure online)
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MDPV induces MDMA-like subjective effects, including
increased energy, mild empathogenic effects and socia-
bility, and increased mental stimulation and sexual drive
(Coppola and Mondola 2012a; Deluca et al. 2009; Kesha
et al. 2013).

Information on the toxicological properties of these
emerging drugs of abuse is limited, but several cases of
‘bath salts’-related intoxication and deaths have been
reported over the last years (James et al. 2011; Murray
et al. 2012; Wood et al. 2010). Most symptoms are consist-
ent with sympathetic stimulation, including tachycardia,
vasoconstriction, hypertension, hyperthermia, diaphoresis,
mydriasis, respiratory distress, muscle tremor and spasms,
muscle weakness, rhabdomyolysis, and seizures. Sev-
eral other effects have been associated with intoxication
by synthetic cathinones, including chest pain, myocardial
infarction, stroke, disseminated intravascular coagulation,
hepatic dysfunction, acute kidney injury, cerebral edema,
coma, cardiovascular collapse, and death (Borek and Hol-
stege 2012; Carhart-Harris et al. 2011; Coppola and Mon-
dola 2012a, b; Frohlich et al. 2011; Mugele et al. 2012).

The liver is a major target for many drugs of abuse, such
as amphetamines and cocaine (Andreu et al. 1998; James
et al. 2011; Kamijo et al. 2002; Kanel et al. 1990). Clini-
cal evidence has shown that the liver is also a target of
MDPYV toxicity (Borek and Holstege 2012; Frohlich et al.
2011; Murray et al. 2012). Based on the close chemical
and pharmacological similarities shared by amphetamines
and B-keto amphetamines, we hypothesized that cathinone
derivatives would cause hepatotoxicity like their ampheta-
mine counterparts. In line with this, our group has recently
demonstrated the in vitro hepatotoxic potential of four of
the most prevalent synthetic cathinones, namely methylone,
MDPV, 4-methylethcathinone (4-MEC) and pentedrone
(Araujo et al. 2015), with potencies similar to MDMA.
However, specific mechanisms and pathways involved
are completely unknown. Various factors may contribute
to MDPV-induced liver toxicity, including hyperthermia.
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The impairment of thermoregulation elicited by MDPV
has also been reported, with significant increases in human
body temperature up to values ranging between 39.5 and
41.7 °C (Borek and Holstege 2012; Frohlich et al. 2011;
Kesha et al. 2013; Mugele et al. 2012; Murray et al. 2012).
It must be stressed that hyperthermia per se is a pro-oxidant
aggressive condition (Skibba et al. 1991; Wills et al. 1976),
which may render liver cells more vulnerable to oxidants.
Accordingly, our group has previously shown that hyper-
thermia acts synergistically with MDMA-induced toxic-
ity toward freshly isolated mouse hepatocytes (Carvalho
et al. 2001) and primary cultured rat hepatocytes (Pon-
tes et al. 2008), but it remains to be investigated whether
hyperthermia also exacerbates MDPV toxic responses
in vitro. Therefore, the goal of the present study was to pro-
vide insights into the mechanisms involved in the toxicity
elicited by MDPV in primary cultures of rat hepatocytes
under normothermic and hyperthermic conditions (37 and
40.5 °C, respectively). The specific objectives of this study
were to (1) evaluate the cytotoxic effect of MDPV in pri-
mary rat hepatocytes; (2) elucidate the biochemical mecha-
nisms underlying the cellular injury, namely the generation
of ROS and RNS, the interference of MDPV in the homeo-
stasis of glutathione and calcium, and with mitochondrial
function; (3) characterize the nature of cell death in MDPV-
exposed rat hepatocytes; and (4) investigate the role of
hyperthermia in MDPV hepatotoxicity.

Materials and methods
Chemicals

Hank’s balanced salt solution (HBSS), heat-inactivated
fetal bovine serum (FBS), antibiotic mixture of penicil-
lin/streptomycin (10,000 U/mL/10,000 pg/mL) and fun-
gizone (250 pg/mL) were obtained from GIBCO Invitro-
gen (Barcelona, Spain). Collagenase from Clostridium
histolyticum Type IA, bovine serum albumin (BSA),
4-(2-hydroxyethyl)-piperazine- 1 -ethanesulfonic acid
(HEPES), ethylene  glycol-bis-(2-aminoethylether)-
N,N,N’ N’-tetraacetic acid (EGTA), dithiothreitol (DTT),
ethylenediaminetetraacetic acid (EDTA), Williams’ E
Medium, dexamethasone, gentamicin sulfate salt, insu-
lin solution from bovine pancreas (10 mg/mL), thia-
zolyl blue tetrazolium bromide (MTT), sodium pyruvate,
B-nicotinamide adenine dinucleotide reduced disodium
salt hydrate (B-NADH), 2’,7'-dichlorodihydrofluorescein
(DCFH) and 2’,7'-dichlorodihydrofluorescein diacetate
(DCFH-DA), L-glutathione reduced (GSH) and L-glu-
tathione oxidized disodium salt (GSSG), B-nicotinamide
adenine dinucleotide 2’-phosphate reduced tetrasodium
salt hydrate (B-NADPH), 5,5'-dithiobis(2-nitrobenzoic

acid) (DTNB), adenosine triphosphate (ATP), luciferase
from Photinus pyralis (firefly) and D-luciferin sodium salt,
N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide (Ac-DEVD-
pNA, caspase 3 substrate), N-acetyl-Ile-Glu-Thr-Asp-
p-nitroanilide (Ac-IETD-pNA, caspase 8 substrate), and
N-acetyl-Leu-Glu-His-Asp-p-nitroanilide (Ac-LEHD-
pNA, caspase 9 substrate) were purchased from Sigma-
Aldrich (St. Louis, MO). Fluo-3 AM, FluoroPure™ grade
was obtained from Molecular Probes (Eugene, OR, USA).
All other chemicals, of analytical grade, were purchased
from Merck (Darmstadt, Germany). MDPV hydrochlo-
ride was purchased online from the Sensearomatic web-
site (http://sensearomatic.net, currently unavailable), dur-
ing March 2013. The salt was fully characterized by mass
spectrometry, Nuclear Magnetic Resonance (NMR), and
elemental analysis, and purity was greater than 98 %.

Isolation and primary culture of rat hepatocytes

Rat hepatocytes were isolated from male Wistar Han rats
(200-250 g) purchased from Charles-River Laboratories
(Barcelona, Spain). All experiments were approved by the
local ethics committee for the welfare of experimental ani-
mals and performed in accordance with national legisla-
tion. Surgical procedures were conducted under anesthesia
by inhalation of isoflurane, in an isolated system, and car-
ried out between 10.00 and 11.00 a.m. Cells were isolated
through a collagenase perfusion, as previously described
by our group (Pontes et al. 2008). Briefly, a cannula was
inserted in the hepatic portal vein, and the liver was per-
fused initially with Hank’s washing buffer containing BSA
and the chelating agent EGTA, followed by a solution of
collagenase supplemented by its co-factor calcium. The
liver capsule was then gently disrupted in order to release
isolated liver cells into a Krebs—Henseleit buffer. The cell
suspension was subsequently purified through three cycles
of low-speed centrifugations (300 rpm, for 2 min). The final
suspension was then incubated with penicillin/streptomycin
(500 U/mL/500 pg/mL), at 4 °C, for 30 min. Cell viabil-
ity was estimated by the trypan blue exclusion test and was
always higher than 80 %. A suspension of 500,000 viable
cells/mL was cultured in 6- or 96-well plates at approxi-
mately 100,000 cells/cm?, in William’s E medium, supple-
mented with 10 % FBS, 100 U/mL/100 ug/mL penicillin/
streptomycin, 5 pg/mL insulin, 50 wM dexamethasone,
100 pg/mL gentamicin and 2.5 pg/mL fungizone, and
incubated overnight at 37 °C, with 5 % CO,, to allow cell
adhesion.

Cell viability assays

Hepatocytes were seeded in 96-well plates and exposed to
MDPV at a concentration range that includes low-effect

@ Springer


http://sensearomatic.net

1962

Arch Toxicol (2016) 90:1959-1973

to worst-case approach concentrations (0.2-1.6 mM) in
serum-free medium, under normothermic (37 °C) and
hyperthermic (40.5 °C) conditions. Cell viability was eval-
uated after 48 h through the MTT reduction assay and con-
firmed by the LDH leakage assay, as previously described
(Araujo et al. 2015; Barbosa et al. 2014), with minor
modifications. For the MTT reduction assay, cells were
incubated with a solution of 0.5 mg/mL MTT for 80 min,
and the formazan crystals formed through mitochon-
drial succinate dehydrogenase were dissolved in DMSO
and detected at 550 nm in a 96-well plate reader (Power-
WaveX; Bio-Tek, Winooski, VT, USA). For measurement
of the amount of LDH released into the culture medium,
the plates were centrifuged for 10 min at 250g, and 50 pL
of the incubation medium (dilutions prepared in phosphate
buffer: 50 mM KH,PO,, pH 7.4) were collected from each
well in duplicates into new 96-well plates, to which 200 nL
of a 0.21 mM B-NADH solution were added. The kinetic
oxidation of B-NADH into B-NAD™ after adding 25 wL of
22.7 mM sodium pyruvate was monitored at 340 nm in a
96-well absorbance plate reader. Data were normalized to a
no-effect (no treatment) and a maximum-effect (lysed with
1 % Triton X-100) controls.

Characterization of hepatotoxicity mechanisms
triggered by MDPV

Measurement of intracellular GSH and GSSG levels

Total glutathione (tGSH) and oxidized glutathione (GSSG)
contents were determined through the DTNB-GSSG reduc-
tase recycling assay (Carvalho et al. 2004). For this purpose,
hepatocytes were seeded in 6-well plates and exposed to
MDPYV, at 37 °C or 40.5 °C. After a 48 h incubation period,
cells were rinsed with HBSS without calcium and magne-
sium, scrapped and precipitated with 5 % perchloric acid
for 20 min, at 4 °C. Suspensions were centrifuged at 6000g,
for 5 min, at 4 °C, and the supernatant was then neutralized
with 0.76 M KHCO;, on ice. The samples were spinned at
13,000 rpm, and 100 p.L of the supernatants were added to a
96-well plate, followed by 65 wL of a freshly prepared rea-
gent solution of 71.5 mM phosphate buffer with 0.63 mM
EDTA containing 0.7 mM NADPH and 4 mM DTNB. Sam-
ples were incubated for 15 min at 30 °C in a thermomax
96-well plate reader, and 40 pL of 10 U/mL glutathione
reductase was then rapidly added to all samples. The con-
sequent formation of 5-thio-2-nitrobenzoic acid (TNB)
was followed for 2 min at 415 nm and compared with a
GSH standard curve prepared in 5 % HCIO,. For GSSG
quantification, precipitated samples were incubated with
2-vinylpyridine for 1 h, at 4 °C, with continuous agitation,
in order to derivatizate GSH. GSSG was then quantified
as described for tGSH. All data were normalized to total
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protein content of each sample, measured by the Lowry
method, using standard stock solutions of BSA. GSH levels
were calculated by subtracting GSSG content from tGSH
values as follows: GSH = tGSH — (2 x GSSG).

Measurement of intracellular reactive oxygen and nitrogen
species

Intracellular generation of reactive oxygen (ROS) and
nitrogen (RNS) species was monitored via DCFH-DA
fluorescence assay as previously described (da Silva et al.
2014). DCFH-DA is a cell-permeable fluorogenic probe
that readily diffuses into the cells, where it is deacetylated
by cellular esterases, and the resultant non-fluorescent
DCFH is further oxidized by ROS and RNS to the highly
fluorescent 2’,7’-dichlorofluorescein (DCF). For this assay,
after overnight cell adhesion in 96-well plates, hepatocytes
were pre-incubated with 10 uM DCFH-DA, at 37 °C,
protected from light. After 30 min, cells were rinsed with
HBSS without calcium and magnesium and incubated with
0.2-1.6 mM MDPYV for 48 h, at 37 or 40.5 °C. The fluores-
cence was then recorded on a microplate reader (Synergy
HTX Multi-Mode Reader; Bio-Tek, Winooski, VT, USA),
set to 485 nm excitation and 530 m emission. Results were
normalized to negative controls (no treatment) and calcu-
lated as fold increase over control. No interference with
the probe was noted at any tested concentration of MDPV,
as determined by incubation for 48 h with DCFH in the
absence of cells (data not shown).

Measurement of intracellular ATP levels

The ATP bioluminescence assay is based on the emission
of light from the reaction of ATP and luciferin, catalyzed
by luciferase and was performed as previously described
(Valente et al. 2012). After exposure to MDPV, cells were
rinsed and treated as described above for tGSH measure-
ment. After neutralization, samples were spinned, and
100 nL of the supernatants were added to 96-well opaque
plates with 100 pL of luciferin-luciferase assay solu-
tion [final concentrations: 0.15 mM luciferin, 30,000 light
units luciferase, 50 mM glycine, 10 mM MgSO4, 1 mM
Tris, 0.55 mM EDTA, 1 % BSA (pH 7.6)]. ATP calibration
curve was obtained with standard stock solutions of ATP
prepared in 5 % HCIO,. Results were normalized to total
protein, measured by the Lowry method.

Quantification of intracellular free calcium (Ca**) levels
by flow cytometry

Fluo3-AM is a sensitive fluorochrome that is enzymati-
cally hydrolyzed by cellular esterases to give Fluo3, which
exhibits an increase in fluorescence upon binding with
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calcium. For this assay, cells from six-well plates exposed
to 0.2-1.6 mM MDPYV for 48 h were collected after trypsi-
nization with 0.05 % trypsin/EDTA, centrifuged (250g,
5 min, 4 °C), and rinsed with HBSS without calcium and
magnesium. After further centrifugation, the supernatant
was discarded and samples were incubated for 30 min,
with continuous agitation, at 37 °C, with 50 pL of a 10 pM
Fluo3-AM solution prepared in serum-free Williams’ E
Medium without phenol red. Following incubation, the
cells were washed and resuspended with HBSS with cal-
cium and magnesium and kept on ice until further analysis.
Samples were analyzed in a BD Accuri™ C6 flow cytom-
eter (BD Biosciences, CA, USA), with the FCS Express™
analysis software. The green fluorescence of Fluo3 was
detected through a 533/30 nm filter (FL1 detector). The
DNA of non-viable cells was stained with 5 pg/mL propid-
ium iodide (PI), which has a maximum fluorescence emis-
sion at 617 nm, and the green fluorescence from PI positive
cells was excluded from the analysis. At least 20,000 viable
cells were analyzed per sample. There was no contribu-
tion of autofluorescence, as determined by the analysis of
treated cells in the absence of Fluo3-AM (data not shown).
Data were normalized to controls without treatment.

Characterization of death pathways triggered
by MDPV

Measurement of caspase 3, 8 and 9 activity

The activities of caspase 3, 8 and 9 were determined in
cytoplasmatic fractions of hepatocytes after exposure
to 0.2-1.6 mM MDPYV for 48 h, as previously described
(Capela et al. 2007), with adaptations. This assay was
based on the hydrolysis of the peptide substrates for each
caspase, namely Ac-DEVD-pNA, Ac-IETD-pNA and Ac-
LEHD-pNA, for caspase 3, 8 and 9, respectively. This
reaction results in the release of the p-nitroaniline moiety,
with peak absorbance at 405 nm. For each condition, three
wells of a 6-well plate were rinsed with HBSS without
calcium and magnesium, and pellets were collected into
new tubes with 225 pwL of lysis buffer [final concentra-
tions: 50 mM HEPES, 1 mM DTT, 0.1 mM EDTA, 0.1 %
CHAPS (pH 7.4)]. Samples were incubated for 5 min
on ice, centrifuged (16,000g, 10 min, 4 °C), and the cell
lysate transferred into new tubes. Two hundred microlit-
ers of assay buffer [final concentrations: 100 mM NacCl,
50 mM HEPES, 10 mM DTT, 1 mM EDTA, 10 % glyc-
erol, 0.1 % CHAPS (pH 7.5)] were added to 50 nL of
lysate in 96-well plates, followed by 5 wL of colorimetric
substrate (16 uM Ac-DEVD-pNA, 200 uM Ac-IETD-pNA
or 200 uM Ac-LEHD-pNA). After 24 h at 37 °C, absorb-
ance was determined at 405 nm in a 96-well absorbance
plate reader. Protein content in cell lysate was measured

using the Bio-Rad RC DC protein assay kit (Hercules, CA,
USA), with BSA as the standard.

Hoechst 33342/propidium iodide fluorescent staining

Apoptotic hepatocytes were identified based on chromatin
morphology, as previously described (Valente et al. 2012),
using Hoechst 33342, a cell-permeant nuclear counterstain
that emits blue fluorescence when bound to DNA, and PI, a
membrane impermeant nuclear dye that emits red fluores-
cence only in dead cells. Briefly, primary rat hepatocytes
were seeded into six-well plates and exposed to MDPV
(0.2-1.6 mM) for 48 h, at 37 or 40.5 °C. After washing
with HBSS without calcium and magnesium, cells were
incubated with 50 pM PI for 15 min, rinsed again, and
fixed with a 4 % solution of p-formaldehyde for 20 min.
After washing, cells were incubated with a 5 ug/mL Hoe-
chst 33342 solution for 5 min and observed under a fluores-
cent microscope.

Statistical analysis

Data were obtained from at least five independent experi-
ments, performed in duplicate or triplicate, and are pre-
sented as mean =+ standard error of the mean (SEM). Sta-
tistical analysis was performed using the GraphPad Prism
6 (version 6.01) for Windows. Multiple comparisons within
the two variables (concentration and temperature) were
performed through one-way ANOVA analysis, followed by
Fisher’s LSD post hoc test. Significance was accepted for
p <0.05.

Results

MDPYV induces cell death in a concentration-dependent
manner, exacerbated in hyperthermic conditions

The data presented in Fig. 2 show a concentration-depend-
ent increase in cytotoxicity, as determined by the MTT
reduction assay, in primary rat hepatocytes exposed to
MDPV at 37 °C. This effect was significant (p < 0.01 vs.
control), even at the lowest concentration tested (0.2 mM).
Since MDPV is a ketone, and thus, a possible redox elec-
tron donor that may interfere with redox-based tests like
the MTT assay (den Hollander et al. 2014), we additionally
performed the interference-free and unbiased LDH leak-
age assay, under the same experimental conditions, and the
obtained results are shown in Fig. 3. Data from this assay
corroborate the results from the MTT test, showing cell
death in identical magnitude and significance, which sug-
gests that there is no substantial reduction of the tetrazo-
lium dye by MDPYV under our in vitro conditions.
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Noteworthy, a rise in incubation temperature from 37 to
40.5 °C greatly exacerbated cell death induced by MDPV,
for all concentration range (p < 0.0001 vs. normothermia).
For instance, as observed in the MTT assay, cell death
induced by 0.2 mM MDPYV increased from 11.1 & 2.9 % in
normothermic conditions up to 31.4 + 5.9 % in hyperther-
mic conditions.

MDPY triggers a marked GSH depletion and ROS
and RNS formation in primary rat hepatocytes,
exacerbated in hyperthermic conditions

Since oxidative stress is a well-known mechanism involved
in the hepatotoxicity of non-keto amphetamines (Carvalho
et al. 2012), we started to investigate whether this mecha-
nism is also shared by MDPV. Glutathione provides a major
cell antioxidant defense against reactive species formation
and ensuing oxidative damage. Therefore, the intracellular
content of GSH and GSSG was measured after exposure of
primary rat hepatocytes to MDPV (0.2-1.6 mM), at 37 and
40.5 °C. As depicted in Fig. 4a, at 37 °C, MDPV caused a
significant concentration-dependent decline in GSH levels,
with a decrease from 39.1 % 3.2 nmol/mg of protein in con-
trol cells to 15.4 £ 2.9 nmol/mg of protein in cells treated
with 1.6 mM MDPV. GSH depletion was clearly more
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accentuated under hyperthermic conditions. In fact, the
highest concentration studied (1.6 mM) caused an almost
complete depletion of GSH levels (0.4 &+ 0.1 nmol/mg of
protein) at 40.5 °C (p < 0.0001 vs. control and normother-
mia). An important finding was that, under normothermic
conditions, the GSH depletion induced by MDPV was not
accompanied by glutathione oxidation (Fig. 4b). How-
ever, it is noteworthy that hyperthermia, by itself, elicited
a significant decline in basal GSH levels of control cells of
approximately 36 % (p < 0.0001), as well as an increase of
nearly 100 % in GSSG levels (p < 0.05).

The involvement of oxidative stress in MDPV-induced
toxicity was further assessed through the measurement of
ROS and RNS generation at the same conditions. The lev-
els of reactive species following 48 h exposure with MDPV
at normothermic and hyperthermic conditions are shown
in the Fig. 5. At 37 °C, MDPV increased the formation of
reactive species after exposure to the highest concentra-
tion studied (1.6 mM), with a 1.50 £ 0.04-fold increase
over control cells (p < 0.0001 vs. control). At 40.5 °C, the
levels of ROS and RNS were prominently increased in a
concentration-dependent manner following incubation with
MDPYV, with a 1.14 £ 0.03, 1.29 £ 0.03 and 1.65 £ 0.06-
fold increase in cells treated with 0.4, 0.8 and 1.6 mM
MDPYV, respectively.
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MDPYV hampers the hepatocellular energetic status
and Ca’' homeostasis, especially at high concentrations
and in hyperthermic conditions

To better understand the potential mechanisms involved
in MDPV-induced toxicity in primary rat hepatocytes, we
investigated whether mitochondrial bioenergetic function
or calcium homeostasis are affected. Figure 6 depicts the
intracellular levels of ATP in MDPV-treated cells at both
incubation temperatures herein studied (37 and 40.5 °C).
At 37 °C, it was observed a pronounced decline (from
23.6 &+ 4.2 to 8.3 &= 1.6 nmol/mg of protein) in intracellular

ATP levels in cells exposed to 1.6 mM MDPV (p < 0.001
vs. control), with no significant changes detected at lower
concentrations. The increase in incubation temperature to
40.5 °C prompted an abrupt energy depletion in hepato-
cytes treated with 0.8 mM and 1.6 mM MDPV (from
22.7 £ 1.9 in control cells to 1.8 4+ 0.3 and 0.3 & 0.1 nmol/
mg, respectively), and to a less extent with 0.4 mM MDPV.
Moreover, as shown in Fig. 7, MDPV at these two highest
concentrations also affects the intracellular Ca*" homeosta-
sis, whereas no significant changes were noticed at lower
concentrations. No statistically significant differences were
detected between normo- and hyperthermic conditions.
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MDPY induces primarily apoptotic cell
death in normothermia, but shifts to necrosis
under hyperthermic conditions

To determine whether MDPV-induced hepatotoxicity
involves the initiation of apoptotic cell death mechanisms,
two different methodological approaches were followed: (1)
fluorescence microscopy analysis after staining with Hoechst
33342/PI and (2) measurement of caspase 3, 8 and 9 activity.
Nuclear morphological changes of MDPV-treated primary
rat hepatocytes were examined using Hoechst 33342, a mem-
brane permeable blue dye for DNA labeling, and PI, a fluo-
rescent red dye that intercalates into double-stranded nucleic
acid of late apoptotic or necrotic cells. Figure 8 shows repre-
sentative Hoechst 33342/PI fluorescence photomicrographs
of cultured cells treated with and without MDPV at two
different incubation temperatures. In control cells, at 37 °C,
nuclei appeared with regular contours and were round and
large in size, whereas, at 40.5 °C, it was possible to identify
early apoptotic events (pyknotic nuclei formation without
PI label, green arrows). In MDPV-treated cells, under nor-
mothermic conditions, the pyknotic nuclei were visible even
at the lowest MDPV concentration tested, as well as late
apoptotic cells (red condensed nuclei). On the other hand,
necrotic cells (red large nuclei) were only observable in 0.8
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and 1.6 mM MDPV-exposed cells. In contrast, a rise in incu-
bation temperature to 40.5 °C clearly favoured necrosis in
hepatocytes treated with MDPYV, as red large nuclei are seen
under exposure to concentrations as low as 0.2 mM.

Since caspase activation is one of the main events lead-
ing to apoptosis, we additionally confirmed apoptotic cell
death by evaluating the activation of caspases 8 (extrinsic
pathway), 9 (intrinsic pathway), and 3 (effector caspase) at
37 and 40.5 °C. As can be seen in Fig. 9, at 37 °C, 1.6 mM
MDPV significantly increased caspase 3, 8 and 9 activities
in primary rat hepatocytes about 118, 55 and 54 % over con-
trol values, respectively (p < 0.0001 vs. control). Noteworthy,
the increase in incubation temperature to 40.5 °C triggers
caspase activation at lower concentrations. Under hyperther-
mia, a peak in caspase activation was achieved at 0.8 mM
MDPV, with increases up to 156, 64 and 50 % over control
values (p < 0.0001 vs. control), and further reduced at 1.6 mM
MDPV to values near to controls for caspase 8 and 9 (p > 0.05
vs. control, p < 0.001 vs. normothermia), respectively.

Discussion

MDPYV structure is closely related to amphetamines that are
known to be hepatotoxic in humans (Carvalho et al. 2012).
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Fig. 8 Representative fluo-
rescence microscopy images
of Hoechst 33342/P1 staining.
Hepatocytes were exposed

for 48 h, at (left) 37 or (right)
405°C,t0a0,b0.2,c04,d
0.8 or e 1.6 mM MDPV. Green
arrows indicate early apoptotic
cells, orange arrows indicate
late apoptotic cells and red
arrows indicate necrotic cells.
Original magnification, x200
(color figure online)

@ Springer



1968

Arch Toxicol (2016) 90:1959-1973

200+
> = 37°C e
S = 40.5°C
- O
S £ 1501
® 3 o
o2
g\c)c’ HHH
o< =
(@] 100
NOsEN| N
K K N K R
[MDPV] (mM)
300+ o
o = 37°C
S 40.5°C
52
o S 200- _—
3 3 dededkk
© (o)
o R
0 -
3]
RS P—— \
INNESSN\ N N

Ny N Ny N Ny

[MDPV] (mM)

Fig. 9 Effects of MDPV on the activities of caspases 3, 8 and 9 in
primary cultured rat hepatocytes. Hepatocytes were exposed for 48 h,
at 37 or 40.5 °C, to 0.2-1.6 mM MDPV. Results are presented as

Therefore, toxicological studies of cathinone designer
drugs toward liver cells are of particular interest. In this
study, we first tested and confirmed the ability of the syn-
thetic cathinone MDPYV to induce cytotoxicity in primary
rat hepatocytes and contributed to the elucidation of the
mechanisms involved in MDPV-induced hepatocellular
injury at normothermia and hyperthermia. We showed that
MDPV-induced cell death in a concentration- and temper-
ature-dependent manner, through two different cytotoxic-
ity tests, namely by inhibiting the reduction of MTT and
promoting LDH leakage (Figs. 2, 3, respectively). These
findings are consistent with our previous study showing
the hepatotoxic potential of four of the most widely abused
cathinone derivatives, including MDPV (Araujo et al.
2015).

Several mechanisms induced by drugs of abuse may lead
to liver damage. Among them, oxidative stress is thought to
play a major role in the hepatocellular damage consequent
to the abuse of amphetamines (Beitia et al. 2000; Carvalho
et al. 2010). Due to structural similarities to their non-keto
congeners, we hypothesize that synthetic cathinones may
undergo similar mechanisms of toxicity. In fact, our results
suggest that MDPV and/or its intermediate metabolites,
similarly to MDMA (Cerretani et al. 2011), cause oxida-
tive stress in the liver, as evidenced by substantial deple-
tion in the intracellular levels of GSH (Fig. 4a), which is
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an endogenous antioxidant known to play a crucial role in
cell survival, and increased formation of ROS and NOS
(Fig. 5). Importantly, we found that MDPV-induced GSH
depletion was not accompanied by an increase in GSSG
levels. This result might be explained by ATP-dependent
export of the formed GSSG into the extracellular space
(Leier et al. 1996). However, in this experiment, GSH
depletion seems to be primarily related to the formation
of conjugates of MDPV with GSH, rather than a direct
effect of reactive species, since the rise in ROS and RNS
production was only observed in cells exposed to MDPV
at high concentrations, where a severe GSH depletion in
the cytosolic GSH pool had already occurred. In accord-
ance, metabolic activation to a reactive metabolite capable
of conjugating with GSH has been recently demonstrated
for MDPYV in vitro using human liver microsomes (Meyer
et al. 2014; Strano-Rossi et al. 2010), and in vivo in rats
and humans (Meyer et al. 2010) and, most certainly, occurs
in our in vitro model. Therefore, MDPV metabolism and
the ensuing depletion of intracellular GSH levels lowers the
capacity of the cells to scavenge reactive species, enhanc-
ing oxidative stress, disturb cellular function and, ulti-
mately, may lead to cell death.

Moreover, it must be highlighted that hepatic metabo-
lism of amphetamines that contain a 3,4-methylenedioxy
ring is an important source of ROS and other chemically



Arch Toxicol (2016) 90:1959-1973

1969

reactive compounds (Carvalho et al. 2010, 2012). This
methylenedioxy group is also present in MDPV but, pres-
ently, it is not clear if any MDPV metabolites formed in
cells are capable to undergo oxidation into reactive ortho-
quinones that enter redox cycling with subsequent produc-
tion of ROS and RNS, as has been thoroughly described
for MDMA (Carvalho et al. 2010). Therefore, it is still
unknown whether the generation of reactive species in
hepatocytes exposed to MDPV depends either on distur-
bance of the mitochondrial respiratory chain (well-known
as the major cellular source of ROS generation) or MDPV
metabolism, or even a combination of both.

There is a complex cross-talk between oxidative stress,
Ca”*" homeostasis and mitochondrial function. As the main
organelles responsible for ATP production, mitochondria
are the core of cell energy supply and participate actively
in the sequestration of free Ca®* (Brookes et al. 2004).
Our results showed that MDPV, at a high concentration
(1.6 mM), triggered a drastic ATP depletion (Fig. 6). The
lack of ATP might lead to a less efficient calcium control
and mitochondrial electron chain regulation, as can be seen
with the increase in intracellular Ca®* content in primary
rat hepatocytes treated with 1.6 mM MDPV for 48 h at
37 °C (Fig. 7), thus indicating that the mitochondrial func-
tion and calcium homeostasis are severely impaired by
MDPV at high concentrations. This decreases in ATP lev-
els occurred at a concentration where GSH depletion was
almost complete, with overproduction of ROS and RNS,
suggesting that oxidative stress may be involved in the dis-
turbance of mitochondrial functions. On the other hand, it
is possible that MDPV and/or its metabolites may inhibit
the mitochondrial function by directly interacting with
mitochondrial proteins. Further studies are necessary to
determine the mechanisms of mitochondrial impairment
induced by MDPV.

As center of cell death control, mitochondria undergo
extensive membrane integrity and permeability changes
prior to cell death itself (Tait and Green 2010). The mito-
chondrial permeability transition pore (MPTP), a large
nonspecific conductance channel assembled from proteins
in the inner and outer mitochondrial membranes, appears
to play a key role in triggering of an intrinsic apoptotic
pathway, and Ca’>" is also in control of the process of
MPTP opening (Brookes et al. 2004; Halestrap 2009). In
fact, Baumgartner et al. (2009) showed that the elevation
of mitochondrial Ca®" is the decisive factor in determin-
ing whether cells undergo oxidative stress-induced apop-
tosis. When there is an overload of Ca*" in the mitochon-
drial matrix, the MPTP opens and allows free passage of
ions and solutes under 1500 Da across the mitochondrial
inner membrane. This effect has two outcomes: entering
of protons that lead to uncoupling of the oxidative phos-
phorylation, and consequent impairment of ATP synthesis

(Halestrap 2006, 2009); and swelling of the mitochondria
matrix, with subsequent rupture of the outer membrane,
and nonspecific release of pro-apoptotic proteins into the
cytosol, including cytochrome c¢ (Tait and Green 2010).
Alternatively, permeabilization of the outer mitochondrial
membrane can be achieved by pore formation by pro-
apoptotic Bcl-2 family proteins (Bax and Bak) (Tsujimoto
2003). Once in the cytosol, cytochrome c triggers a com-
plex signaling cascade that ultimately ends in cell death
through apoptosis, with activation of caspase 9, which fur-
ther cleaves and activates the executioner caspases 3 and
7 that, in turn, cleave intracellular substrates, causing the
morphological and biochemical changes observed in the
process of apoptosis. These caspases may also enter the
mitochondrial intermembrane space, disrupting the res-
piratory chain, consequently leading to a decline in ATP
synthesis and increase in ROS production, which further
amplifies apoptosis (Mcllwain et al. 2013; Tait and Green
2010). Besides this intrinsic pathway, xenobiotics may also
induce mitochondria-independent apoptotic pathways. This
extrinsic process is initiated by the binding of ligands to
death receptors located in the cell membrane, leading to the
activation of caspase 8, which directly initiates apoptosis
by activating the executioner caspases, or indirectly activat-
ing the intrinsic apoptotic pathway (Mcllwain et al. 2013).

In the present study, it was demonstrated that MDPV-
treated primary rat hepatocytes stained with Hoechst
33342/PI, in the absence of heat stress (at 37 °C), prefer-
entially exhibited death with apoptotic characteristics, with
an increase in early apoptotic cells, evident at concentra-
tions as low as 0.2 mM (Fig. 8). Typical nuclear morphol-
ogy changes of cells undergoing apoptosis, such as con-
densation and fragmentation of nuclei chromatin, were
observed in cells exposed to MDPV at lower concentra-
tions, while necrotic events were only evident at the highest
concentrations (0.8 and 1.6 mM). This result is indicative
of a bimodal cell death, with apoptosis at lower concen-
trations and necrosis at higher concentrations. As previ-
ously referred in the LDH data (Fig. 3), the supernatants
of hepatocytes exposed to MDPV (0.2-1.6 mM) contained
significantly higher amounts of LDH all over the experi-
mental period, indicating a loss of integrity of the plasma
membrane. It is important to stress at this point that the
LDH release assay does not distinguish between primary
necrosis and secondary necrosis as a consequence of apop-
totic cell death. Based on our findings, any detected LDH
release in cells exposed to low concentrations of MDPV is
more likely due to secondary necrosis from late apoptotic
cells, as no signs of primary necrosis were observed in cells
exposed to lower concentrations of the tested drug. More-
over, decreases in MTT reduction, a marker of mitochon-
drial dysfunction, under the same experimental conditions,
further supports an apoptotic cell death mechanism.
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Additionally, our data on caspase activity, under normo-
thermic conditions, is in agreement with the induction of
apoptosis, though only statistically significant at the high-
est concentration of MDPV tested. After a 48 h period
of incubation, MDPV was able to induce both intrinsic
(caspase 9) and extrinsic (caspase 8) apoptotic pathways
in primary cultures of rat hepatocytes, which was accom-
panied by a significant activation of the end-line effector
caspase common to both pathways, caspase 3. The occur-
rence of apoptotic events in the liver was also demonstrated
in rats administered with MDMA (Cerretani et al. 2011)
and recently described in neonatal mouse brain following
MDPYV administration (Adam et al. 2014).

Hyperthermia is a toxicological effect that has been
associated with the abuse of different cathinone derivatives,
particularly MDPV (Borek and Holstege 2012; Kesha et al.
2013; Penders et al. 2012). Although it was already dem-
onstrated that hyperthermia potentiates the toxicity induced
by amphetamines in several study models including pri-
mary hepatocytes (Carvalho et al. 1997, 2001; Pontes et al.
2008), neuronal cells (Capela et al. 2006) and skeletal
muscle (Duarte et al. 1999), it remained unknown whether
hyperthermia also increases hepatotoxic responses of the
bk-amphetamines analogues. The present study provides
irrefutable evidence of the potentiation of MDPV toxic-
ity by hyperthermia as a dramatic decrease in cell viability
(Figs. 2, 3), as well as an intensification of all tested oxi-
dative stress endpoints were observed in cells exposed to
the drug at 40.5 °C. Hyperthermic conditions heightened
MDPV-induced depletion of GSH and formation of ROS
and RNS (Figs. 4a, 5, respectively). It is worth to note that
the observed potentiation of MDPV-induced GSH deple-
tion by hyperthermia was not due to an increase of GSSG
formation. There is compelling evidence in the literature
that hyperthermia, per se, stimulates a pro-oxidant state in
the liver, with the depletion of GSH as a probable initiat-
ing event (Skibba et al. 1989, 1991). In accordance, our
data showed a decline of intracellular GSH levels in control
hepatocytes at 40.5 °C (Fig. 4a), as well as a significant rise
in GSSG levels (Fig. 4b). This loss of antioxidant defenses
may be in the origin of the intensification of MDPV toxic
effects under hyperthermia. The rise in temperature also
increased mitochondrial energetic impairment in cells
exposed to high MDPV concentrations, leading to a nearly
complete ATP depletion (Fig. 6), followed by increased
intracellular calcium concentrations (Fig. 7).

Moreover, our data suggest that the increment of 3.5 °C
increased cell vulnerability toward necrosis, which advo-
cates a change in the mode of cell death, with the increase
in temperature, from apoptosis at physiological tempera-
ture, to necrosis under hyperthermic conditions. These find-
ings are in agreement with the ATP levels found in cells.
In fact, since apoptosis is an energy-consuming process,
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requiring sufficient ATP to occur, the profound ATP deple-
tion attained in cells treated with MDPV (0.4—1.6 mM)
at 40.5 °C forces the cell death mechanisms to shift from
apoptosis to necrosis. Our results show that hyperther-
mia hastened activation of apoptotic cell death in MDPV-
exposed cells, as evidenced by caspase activation at lower
concentrations (Fig. 9), as well as triggered primary
necrotic cell death in rat hepatocytes (Fig. 8). These data
are corroborated by the observed decline in caspase activity
in cells exposed to 1.6 mM MDPV at 40.5 °C, at a con-
centration where ATP levels are virtually nonexistent and
necrosis ensues. The favouring of a necrotic cell death
mechanism over apoptosis under hyperthermic conditions
was also described in primary cultured rat hepatocytes
(Pontes et al. 2008) and HepG2 cells exposed to MDMA
(da Silva et al. 2013). Considering that the higher temper-
ature used in our experiment (40.5 °C) matches the body
temperatures that recreational abusers may attain after
MDPV consumption (Borek and Holstege 2012; Frohlich
et al. 2011; Kesha et al. 2013; Mugele et al. 2012; Mur-
ray et al. 2012), our results suggests that MDPV-induced
thermoregulation impairment most certainly contributes to
increased liver damage.

Finally, it could be argued that the observed hepatotoxic
effects occur at relatively high concentrations of the tested
drug when compared to the low micromolar concentrations
commonly found in MDPYV users or in blood of fatal intox-
ication victims (Kesha et al. 2013; Marinetti and Antonides
2013; Murray et al. 2012; Wyman et al. 2013). However,
similar to other drugs like MDMA, whose levels were
found to be up to 18 times higher in the liver (De Letter
et al. 2006; Garcia-Repetto et al. 2003), the drug concen-
trations to which hepatocytes are actually exposed may be
much higher than those found in blood. Moreover, it must
be noted that we used the same concentration range typi-
cally used in in vitro toxicity studies with amphetamine-
type drugs (Beitia et al. 1999; Capela et al. 2006; Carvalho
et al. 2004; da Silva et al. 2014; Downey et al. 2014; Pon-
tes et al. 2008). The results from these experiments should
be viewed as a way of gaining a better understanding of
mechanisms that may be involved in the in vivo effects of
MDPV.

Concluding remarks

The data presented in this study strongly suggest that
MDPV toxicity in primary cultured rat hepatocytes is
mediated by oxidative stress, subsequent to marked GSH
depletion, followed by a triangle of events that includes
increased ROS and RNS accumulation, mitochondrial dys-
function and perturbation of intracellular Ca®t homeostasis,
ultimately leading to apoptotic (for lower concentrations)



Arch Toxicol (2016) 90:1959-1973

1971

and necrotic (for higher concentrations) cell death. Both
intrinsic (caspase 9 activation) and extrinsic (caspase 8 acti-
vation) apoptotic pathways are stimulated, with subsequent
activation of the common effector caspase 3. Furthermore,
our results clearly indicate that hyperthermia boosts the
oxidative stress induced by MDPV in primary rat hepato-
cytes that ultimately leads to extensive cell death mainly by
necrosis. These results suggest that the rise in body tem-
perature after MDPV intake most certainly contributes to
the hepatotoxicity that has been reported in humans. Also
of great importance, we evidenced the similarities between
the toxic events elicited by the MDPV and amphetamines
such as MDMA, thus suggesting a correspondence in the
mechanism of toxicity of these drugs.
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