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Abstract

Two chloromethcathinones, 3-chloromethcathinone (3-CMC) and 4-chloromethcathinone (4-CMC), and two para-substituted
a-pyrrolidinophenones, 4-methoxy-o-pyrrolidinopentiophenone (4-MeO-PVP) and 4-fluoro-x-pyrrolidinopentiophenone (4-F-
PVP), represent synthetic cathinones, the second most frequently abused group of new psychoactive substances (NPSs), which
has aroused a worldwide health concern in the last decade. Synthetic cathinones act as psychostimulants by elevating extracel-
lular levels of monoaminergic neurotransmitters. This study investigates effects of 3-CMC, 4-CMC, 4-MeO-PVP, and 4-F-PVP
on the spontaneous locomotor activity and motor performance of mice. Additionally, neurotoxicity of substituted methcathinones
against SH-SY5Y neuroblastoma cells was evaluated. All test cathinones stimulate in a dose-dependent manner horizontal
locomotor activity of mice. Consistently to our prior findings, pyrrovalerones, but not methcathinone derivatives, produce
dose-dependent elevation of vertical locomotor activity (rearing behavior). None of the tested compounds decreases the time
spent on the accelerating rotarod, pointing to the lack of considerable motor disability in mice after acute exposition. Only 4-
MeO-PVP at the high tested dose (20 mg/kg) increases motor performance of mice. Considering that «-pyrrolidinophenones are
highly potent and selective DA uptake inhibitors, while chloromethcathinones enhance non-selective DA/5-HT release, we
suggest that the increase of vertical locomotor activity and performance on rotarod in mice may serve as a behavioral indicator
of the monoaminergic profile of synthetic cathinones. Finally, this study gives first insights into cytotoxicity of both 3-CMC and
4-CMC displayed against SH-SY5Y cells, which emerges and intensifies after prolonged incubation, suggesting the indirect
mechanism of action, unrelated to interactions with monoamine transporters.
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Introduction

New psychoactive substances (NPSs) are a heterogeneous and
rapidly developing group of recreational drugs, posing a seri-
ous threat to public health (EMCDDA 2017, 2018, 2019).
Synthetic cathinones, a subgroup of NPSs, are analogs of (—)-
cathinone, which is a naturally occurring psychostimulating
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phenylalkylamine alkaloid present in fresh leaves of khat shrub
(Catha edulis) (Feng et al. 2017; Simmons et al. 2018).
Synthetic cathinones appeared on the drug market in the mid-
2000s as an alternative to scheduled psychostimulants.
Products containing these compounds are usually mislabeled
as “not for human consumption” to circumvent legal control
actions. Once a particular constituent of “bath salts” is
outlawed, new compounds with slightly modified chemical
structures emerge, making synthetic cathinones the second
largest group of NPSs monitored by the European
Monitoring Centre for Drug and Drug Addiction (EMCDDA)
(Coppola and Mondola 2012; EMCDDA 2019; Zawilska and
Wojcieszak 2013). Chlorine-containing derivatives have be-
come one of the most popular synthetic cathinones after the
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appearance of 4-chloromethcathinone (4-CMC; clephedrone)
around 2014 (Taschwer et al. 2014; Wiergowski et al. 2017).
Halogenated methcathinones, namely 4-CMC and 3-
chloromethcathinone (3-CMC), were among the five most
frequently seized cathinones in Europe in 2016 (Biatas et al.
2017; EMCDDA 2018). During that time, diverse «-
pyrrolidinophenone (pyrovalerone) derivatives of cathinone
emerged on the market when 3,4-
methylenedioxypyrovalerone (3,4-MDPV) was outlawed
(Zawilska and Wojcieszak 2017). Substitution of the phenyl
ring in the para-position was one of the most common mod-
ifications of pyrovalerones, giving rise to new compounds,
such as 4-fluoro-a-pyrrolidinopentiophenone (4-F-PVP) or
4-methoxy-o-pyrrolidinopentiophenone (4-MeO-PVP),
which were originally detected in Japan in 2013, and then in
Germany (Ellefsen et al. 2016; Zawilska and Wojcieszak 2017).

Synthetic cathinones exert similar effects to psychostimulants
like methamphetamine and cocaine or to an emphatogen
MDMA (Eshleman et al. 2017). Typical desired effects evoked
by them include increased alertness and awareness, increased
energy and motivation, euphoria, excitement, improved mood
and mild empathogenic effects like openness in communication,
sociability and talkativeness, intensification of sensory experi-
ences, music sensitivity, and moderate sexual arousal. Synthetic
cathinones also induce a wide range of toxic effects on numerous
body systems. Acute intoxication is primarily manifested by neu-
rological, cardiovascular, and psychopathological symptoms; the
most prominent are the following: tachycardia, hypertension,
chest pain, hyperthermia, insomnia, agitation, hallucinations, de-
lusions, and confusion (Coppola and Mondola 2012; Zawilska
and Wojcieszak 2013).

Synthetic cathinones elicit their pharmacological effects by
elevating extracellular levels of monoamine neurotransmit-
ters. A chemical structure of compounds determines their se-
lectivity for particular monoamine transporting proteins, do-
pamine transporter (DAT), serotonin transporter (SERT), and
noradrenaline transporter (NET), and whether they are mono-
amine reuptake inhibitors or monoamine releasers (Eshleman
et al. 2017; Simmler et al. 2013).

Pyrovalerone cathinones are very potent and selective mono-
amine reuptake inhibitors. In general, they demonstrate high af-
finity for DAT and NET, whereas their affinity for SERT is
negligible (Zawilska and Wojcieszak 2017). Significantly higher
selectivity for DAT over SERT indicates that o-
pyrrolidinophenones may have very high abuse potential
(Eshleman et al. 2017; Zawilska and Wojcieszak 2017). It has
been demonstrated that they are potent psychostimulants produc-
ing locomotor activation mediated by stimulation of D;-dopa-
mine receptors (Wojcieszak et al. 2018b; Zawilska and
Wojcieszak 2017). High potency of pyrovalerones is also related
to their pharmacokinetic properties, as the pyrrolidine ring, de-
termining high lipophilicity, enables a rapid and effective perme-
ation of the compound through the blood-brain barrier. Because

of insignificant SERT inhibition, pyrovalerone derivatives nei-
ther have entactogen properties nor raise the body temperature
(Zawilska and Wojcieszak 2017).

Substituted methcathinones bear a structural resemblance to
methamphetamine and MDMA (Eshleman et al. 2013). These
compounds may play a role of monoamine transporter inhibitors
like butylone, or substrates like 4-fluoromethcathinone (4-FMC),
mephedrone, methylone, or 4-CMC (Eshleman et al. 2013,
2017). A steric bulk of the para substituent is a key factor of
selectivity for monoamine transporters. Compounds with minor
steric bulk display higher affinity for DAT, whereas compounds
with greater steric bulk exhibit higher selectivity for SERT
(Bonano et al. 2015). Methcathinone derivatives with equivalent
affinity for DAT and SERT or higher affinity for SERT over
DAT show empathogenic properties. They induce moderate in-
crease of locomotor activity and are endowed with a lower abuse
potential compared with pyrovalerones (Bonano et al. 2015;
Eshleman et al. 2017).

Toxicity of synthetic cathinones seems to be similar to
harmful effects of amphetamine and MDMA (den Hollander
et al. 2015). One of prime reasons of neurotoxicity may be an
increasing neuronal oxidative stress from reactive oxygen and
nitrogen species (den Hollander et al. 2015; Matsunaga et al.
2017; Valente et al. 2017) as well as depletion of reduced
glutathione, which result in impairing mitochondrial functions
and lead to cell apoptosis (Matsunaga et al. 2017; Valente
etal. 2017).

Although synthetic cathinones have gained great populari-
ty recently, data on their pharmacological activity and toxicity
is very limited. Knowledge on desired and side effects of these
compounds is largely based on personal experience of
abusers, as described on Internet forums, or from published
case reports of patients admitted to hospitals due to acute
intoxications (Taschwer et al. 2014).

The aim of this study is to assess in vivo pharmacological
activity of four widely abused synthetic cathinones from two
groups:

(a) Substituted methcathinones: 3-chloromethcathinone (3-
CMC) and 4-chloromethcathinone (4-CMC).

(b) Substituted o-pyrrolidinophenones: 4-methoxy-«-
pyrrolidinopentiophenone (4-MeO-PVP) and 4-
fluoro-a-pyrrolidinopentiophenone (4-F-PVP).

Additionally, in vitro neurotoxicity of substituted
methcathinones was evaluated.

Pharmacological activity was assessed in mice by measur-
ing changes in spontaneous locomotor activity as a marker of
psychostimulant properties. Neurotoxicity of methcathinones
was evaluated in vitro by measuring viability of SH-SY5Y
neuroblastoma cells with MTT and LDH tests. Performance
of mice on an accelerating rotarod was conducted in order to
assess an effect on the forced locomotor activity, which is

@ Springer



538

Neurotox Res (2020) 38:536-551

related to psychostimulant properties of drugs, or to detect the
eventual impairment of motor coordination, which is a behav-
ioral marker of cerebellar dopaminergic dysfunctions in ro-
dents (Giannotti et al. 2017; Shiotsuki et al. 2010).

Materials and Methods
Reagents

Synthetic (3-cathinones: 3-chloromethcathinone [3-CMC,
1-(3-chlorophenyl)-2-(methylamino)-1-propanone], 4-
chloromethcathinone [4-CMC, 1-(4-chlorophenyl)-
2-(methylamino)-1-propanone], 4-methoxy-«x-
pyrrolidinopentiophenone [4-MeO-PVP, 1-(4-
methoxyphenyl)-2-(1-pyrrolidinyl)-1-pentanone], and 4-
fluoro-x-pyrrolidinopentiophenone [4-F-PVP, 1-(4-
fluorophenyl)-2-(1-pyrrolidinyl)-1-pentanone] were pur-
chased in the form of their hydrochloride salts from Cayman
Chemical (Ann Arbor, MI, USA). Isotonic solution of saline
for injections (0.9% NaCl) was purchased from Polska Grupa
Farmaceutyczna (L6dz, Poland). Cell culture reagents:
Dulbecco’s modified Eagle’s medium with F12 supplement
(DMEM/F12), heat-inactivated fetal bovine serum (FBS),
phosphate-buffered saline (PBS), Trypsin-EDTA, penicillin,
streptomycin, and amphotericin B were purchased from Life
Technologies (Warsaw, Poland). Dimethyl sulfoxide
(DMSO), Triton X-100, and MTT (3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2 H-tetrazolium bromide) were pur-
chased from Sigma-Aldrich (Poznan, Poland).

Cell Culture

Human neuroblastoma SH-SYS5Y (ATCC® CRL-2266™)
cell line, purchased from Leibniz Institute DSMZ-German
Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany), was cultured in DMEM/F12 with
10% FBS, penicillin (100 U/mL), streptomycin (100 pg/mL),
and amphotericin B (0.25 pg/mL) at 37 °C in a humidified
atmosphere enriched with 5% CO,. Upon reaching 80-90%
confluency, cells were harvested with 0.25% trypsin in 1 mM
EDTA for 3 min and transferred into 96-well microplates for
cell viability experiments.

MTT Assay

MTT assay was performed as previously described
(Wojcieszak et al. 2018a). After overnight incubation of cells
in 96-well microplate at the density of approx. 10,000 cells/
well, the complete culture medium was removed and replaced
by working solutions of the tested compounds prepared in
FBS-free medium. Fresh medium without FBS was used for
the control group.
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Cell viability and mitochondrial function were measured
by assessment of MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazoliumbromide] reduction by mitochondrial
dehydrogenases after 24- and 72-h exposure to the tested
drugs. A solution of MTT (1.25 mg/mL) was added to the
cells, and the culture was incubated for a further 3 h at
37 °C. After aspiration of culture medium, formazan crystals
were dissolved in DMSO, and its absorbance was measured at
570 nm using Bio-Rad microplate reader model 680, this val-
ue being proportional to the number of cells with intact mito-
chondria. As the tested methcathinones express ability to re-
duce MTT nonenzymatically, all experiments were paralleled
with blanks containing solutions of the drugs in culture medi-
um and MTT without cells. The mean optic density (OD)
values for each treatment group were calculated by subtraction
of the blank value from the value of corresponding treated
cells. The results are expressed as percentages of the control
group values, being considered 100% viable.

LDH Assay

LDH assay, based on the measurement of the activity of lac-
tate dehydrogenase released from damaged cells into the me-
dium, was performed to assess cell membrane integrity. SH-
SYSY cells (approx. 20,000 cells/well) were treated with 3-
CMC and 4-CMC dissolved in a serum-free medium without
phenol red for 48 h. Negative control group was treated with
the medium, while positive control was treated with 1% v/v
TritonX-100. Measurement of LDH activity was conducted
using LDH Cytotoxicity Assay (ScienCell Research
Laboratories, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Results are expressed as the percent of
positive control group, considered as 100% cytotoxicity.

Animals

Experiments were performed on adult male C57BL/6J inbred
mice. All housing conditions and experimental procedures
were in accordance with the European Union guidelines re-
garding the care and use of laboratory animals (European
Communities Council Directive of September 2010
(2010/63/EU)), and were approved by the Local Ethical
Commission for Experimentations on Animals in £.6dz. The
animals were housed in a sound-attenuated chambers, four per
cage, with automatic 12-h light/dark cycles (light phase be-
ginning at 6:00 a.m.), with free access to drinking water and
standard food. All experiments were performed during the
light cycle (8:00-14:00). The mice were at 9 weeks of age
as the experiment began with an assessment of spontaneous
locomotor activity. After 2 weeks of washout, the groups were
counterbalanced and a rotarod test was performed.
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Locomotor Activity

The procedure was conducted as formerly described, with
slight modifications (Wojcieszak et al. 2018b). The spontane-
ous locomotor activity was measured using Opto-Varimex
Auto-Track (model 0271-002M, Columbus Instruments,
Columbus, OH, USA) open field chambers (20.3 x 20.3 x
20.3 cm) in set of four. Each chamber was equipped with
infrared beams (16 beams) and corresponding photodetectors,
spaced by 1.3 cm, located on the X and Y horizontal axes.
Additionally, identical sets of infrared emitters and detectors
were installed on the higher layer in order to detect vertical
movements (rearing behavior).

Mice were randomly assigned to treatment groups, each
consisting of eight animals: 3-CMC (5, 10, 20 mg/kg), 4-
CMC (5, 10, 20 mg/kg), 4-MeO-PVP (5, 10, 20 mg/kg) or
4-F-PVP (5, 10, 20 mg/kg) and a control group. Drug solu-
tions prepared in 0.9% NaCl or 0.9% NaCl solution for the
control group were injected subcutaneously (s.c.) in a volume
of 0.1 mL/10 g of body mass immediately before the start of
the experiment. Experimental sessions lasted for 120 min and
were conducted in a sound-attenuated room with a dim red
light (invisible for rodents) from above. Experimental analysis
was based on the counts of beam breaks on the bottom and top
layers within 10-min intervals.

Motor Performance

A motor performance of mice was evaluated in an accel-
erated rotarod test (Rotarod, model RTD-4, Ataner,
Lublin, Poland) by measuring latency to fall off a revolv-
ing rod. Mice were placed on a horizontal rotating bar
(3 cm in diameter, 5.5 cm in width) made of non-slippery,
sandy polyvinyl chloride not permitting the animals to
grip it (Shiotsuki et al. 2010). The start speed was set
on 4 rpm for the first 10 s of the experiment; then, the
acceleration rate was adjusted to 20 rpm/min with the
maximum speed of 40 rpm (Deacon 2013). The running
time was continuously recorded, and it stopped automati-
cally when a mouse fell off the bar. After the fall the
mouse was returned to its home cage to rest. To avoid
affecting results by the aspect of learning, and to obtain
not statistically different basal performance of mice across
all groups, animals were trained for three consecutive
days prior to the test day. A training phase consisted of
three trials per day, 5 min apart. On the test day, mice
were injected s.c. with vehicle (0.9% saline), 3-CMC (10
and 20 mg/kg), 4-CMC (10 and 20 mg/kg), 4-MeO-PVP
(10 and 20 mg/kg), or 4-F-PVP (10 and 20 mg/kg). The
assessment of motor coordination started 10 min after in-
jection. Each mouse was subjected to four trials according
to the same procedure as on the training days.

Data Analysis

Statistical analysis was performed using GraphPad Prism 6.0
software (GraphPad, San Diego, CA, USA). The results were
recognized as statistically significant when p < 0.05.

Cytotoxicity Assays

All analyses were performed on the data obtained from at least
three independent experiments, each done in six replicates.
Effects of 3-CMC and 4-CMC on cell viability were analyzed
using one-way ANOVA, when eligible followed with
Dunnett’s post hoc test to compare treated groups with a prop-
er control in the case of normal distribution (MTT) or Kruskal-
Wallis test, when eligible followed by Dunn’s post hoc test in
the case of non-Gaussian distribution (LDH).

Spontaneous Locomotor Activity

Locomotor activity was expressed as the total distance trav-
eled (cm) and total number of rearings during each 10-min
bins during the 120-min experiments. For time course analy-
sis, two-way repeated measures ANOVA (time, treatment)
was conducted followed by Dunnett’s post hoc test for multi-
ple comparisons. Additionally, total effects during 120 min of
experiment were analyzed using one-way ANOVA followed
by Tukey’s post hoc test.

Rotarod

Values of time spent on the rotarod on day 3 (last training day)
and day 4 (test day) were analyzed using one-way ANOVA.
In the case of p < 0.05 (4-MeO-PVP day 4), Tukey’s post hoc
test was conducted for multiple comparisons.

Results
Spontaneous Locomotor Activity

All tested compounds caused time- and dose-dependent in-
creases of horizontal spontaneous locomotor activity in mice,
while only «-pyrrolidinophenones (4-F-PVP and 4-MeO-
PVP), but not chloromethcathinones, increased vertical spon-
taneous locomotor activity in a dose-dependent manner
(Figs. 1, 2, 3, and 4).

Fig. 1 Effects of 3-CMC (5, 10, 20 mg/kg) on the spontaneous loco- P>
motor activity of mice. Average horizontal (a—c) and vertical (e-g)
activities in 10-min bins. Total distance traveled during 120 min (d).
Total rearing counts during 120 min (h). Data presented as mean +
standard error of the mean (SEM) (n=38). ***p<0.001; **p <0.01;
*p <0.05 vs. control group
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<« Fig.2 Effects of 4-CMC (5, 10, 20 mg/kg) on the spontaneous locomotor
activity of mice. Average horizontal (a—c) and vertical (e-g) activities in
10-min bins. Total distance traveled during 120 min (d). Total rearing
counts during 120 min (h). Data presented as mean + standard error of the
mean (SEM) (n=8). ***p<0.001; **p<0.01; *p <0.05 vs. control
group; ##p < 0.01 vs. 4-CMC 20 mg/kg group

In mice treated with 3-CMC, horizontal activity was sig-
nificantly affected by the treatment (F5,5=28.549; p=
0.0003), time (£;303=40.91; p<0.0001), and treatment
time interaction (£33 308 = 3.835; p <0.0001). Within 10-min
bins, a significant elevation of locomotor activity vs. control
group was observed 0-40 min (5 mg/kg), 0—-50 min
(10 mg/kg), and 0—-80 min (20 mg/kg) post-injection intervals
(Fig. 1a—c). Additional analysis demonstrated that a total dis-
tance traveled within 120 min of the experiment was signifi-
cantly higher compared with control in mice receiving 3-CMC
at 10 mg/kg and 20 mg/kg (Fig. 1d).

Vertical locomotor activity in mice treated with 3-CMC
was significantly affected only by the time (F;305=2.917;
p=0.0011), but not by treatment (F5,5=1.175; p=0.3370)
or treatment X time interaction (£33 305 = 1.290; p =0.1388).
However, within 10-min time bins, vertical locomotor activi-
ty, expressed as the number of rearings, was increased com-
pared with control only after the lowest tested dose of 5 mg/kg
during 30—40 min post-injection interval (Fig. 1e-g). 3-CMC
did not produce significant changes in the total vertical activ-
ity during 120 min of experiment (Fig. 1h).

Administration of 4-CMC to mice led to a potent stimula-
tion of horizontal locomotor activity, which was significantly
influenced by the treatment (F3,5=12.53; p <0.0001), time
(F11.308=38.16; p<0.0001), and time x treatment interaction
(F33.308=5.788; p<0.0001). Within 10-min bins, horizontal
activity was increased during 1040 min post-injection inter-
val after 4-CMC at 5 mg/kg, 0-70 min post-injection at
10 mg/kg, and 0—100 min post-injection at 20 mg/kg
(Fig. 2a—c). A total distance traveled during 120 min was
significantly higher compared with the control group after
treatment with 4-CMC at doses of 10 mg/kg and 20 mg/kg.
Mice treated with 20 mg/kg 4-CMC also traveled a longer
distance compared with the 5 mg/kg group (Fig. 2d).

After treatment with 4-CMC, vertical locomotor activity of
mice was significantly affected by the time (£ 305 = 1.836;
p=0.0475) and treatment x time interaction (£33 308 = 3.721;
p<0.0001), but not treatment itself (F3,5=2.596; p=
0.0722). Within 10-min bins, 4-CMC significantly elevated
vertical activity in 10-50 min (5 mg/kg), 40—-70 min
(10 mg/kg), 0-20 and 110-120 min (20 mg/kg) post-
injection intervals (Fig. 2e—g). A total number of rearings
was significantly higher compared with the control group only
after treatment with 10 mg/kg of 4-CMC, with no upward
trend or inverted U-shaped curve (Fig. 2h).
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Treatment of mice with 4-F-PVP resulted in an increase of
their horizontal locomotor activity, which was significantly
dependent on the treatment (£5,5=16.90; p <0.0001), time
(F11308 =45.54; p <0.0001), and treatment X time interaction
(F33308 =8.937; p <0.0001). Significant elevation of locomo-
tor activity vs. control group was observed in 0—20 min
(5 mg/kg), 040 min (10 mg/kg), and 0-90 min (20 mg/kg)
post-injection intervals (Fig. 3a—c). A total distance traveled
during 120 min was significantly higher compared with the
control group after the treatment with 4-F-PVP at 10 mg/kg
and 20 mg/kg. Moreover, mice treated with 20 mg/kg of 4-F-
PVP traveled a longer distance than those treated with lower
doses of 5 mg/kg and 10 mg/kg (Fig. 3d).

Similarly, vertical locomotor activity was significantly af-
fected by the administration of 4-F-PVP, with the treatment
(F328=15.85; p <0.0001), time (¥, 308 = 12.28; p < 0.0001),
and treatment X time interaction (F33 303 =7.727; p <0.0001)
being significant factors. Within 10-min bins, a number of
rearings was significantly higher compared with the control
in 90-100 min (5 mg/kg), 040 and 50-60 min (10 mg/kg)
post-injection intervals, and for the entire 120 min of measure-
ment after the highest dose of 20 mg/kg (Fig. 3e—g). A total
number of rearings during 120 min was significantly higher
after treatment with 20 mg/kg 4-F-PVP, both compared with
the control group and 4-F-PVP at 5 mg/kg (Fig. 3h).

In mice treated with 4-MeO-PVP, horizontal locomotor
activity was significantly affected by the treatment (F;,g=
23.11; p<0.0001), time (£} 308 =23.96; p<0.0001), and
treatment X time interaction (£33 308 =3.998; p <0.0001).
Within 10-min bins, horizontal activity was significantly in-
creased compared with the control group after the treatment
with 4-MeO-PVP during 20-30 min (5 mg/kg), 0-80 and 90—
100 min (10 mg/kg) post-injection intervals, and through
120 min of the experiment at 20 mg/kg (Fig. 4a—). A total
distance traveled by mice during 120 min of analysis was
significantly higher compared with the control group after
the treatment with 4-MeO-PVP at 10 mg/kg and 20 mg/kg.
Moreover, groups of mice treated with the two lower doses of
4-MeO-PVP (5 and 10 mg/kg) traveled significantly shorter
distances compared with animals treated with 20 mg/kg 4-
MeO-PVP (Fig. 4d).

Vertical locomotor activity in mice after the treatment with
4-MeO-PVP was significantly affected by the treatment
(F3,28 = 2557, p< 00001), time (F11,308 = 9424,
p<0.0001), and treatment x time interaction (£33 308 =
3.240; p <0.0001). Within 10-min bins, a significantly higher
number of rearings compared with the control group was ob-
served only after two higher doses of 4-MeO-PVP: 10 mg/kg
(0-70 and 90-100 min post-injection) and 20 mg/kg (0—
120 min post-injection) (Fig. 4e—g). A total number of
rearings during 120 min was significantly higher in mice treat-
ed with 4-MeO-PVP at 20 mg/kg, compared with both the
control group and mice treated with 5 mg/kg (Fig. 4h).
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« Fig. 3 Effects of 4-F-PVP (5, 10, 20 mg/kg) on the spontaneous loco-
motor activity of mice. Average horizontal (a—c) and vertical (e-g) activ-
ities in 10-min bins. Total distance traveled during 120 min (d). Total
rearing counts during 120 min (h). Data presented as mean + standard
error of the mean (SEM) (n=8). ***p <0.001; **p <0.01; *p <0.05 vs.
control group; ###p <0.001; ##p <0.01; #p <0.05 vs. 4-F-PVP
20 mg/kg group

Rotarod/Accelerod

During the last day of training (day 3), a time spent on the
rotarod did not differ among groups, meaning that mice
achieved a similar level of performance before the treatment
with drugs (data not shown).

None of the compounds tested significantly reduced the time
mice spent on the rotarod, meaning they do not produce an
impairment of motor coordination (Fig. 5). However, in the case
of pyrovalerone derivatives, a tendency to increase a latency to
fall was observed. Mice treated with 4-F-PVP appeared to stay
longer on the rod, but this difference did not reach a level of
statistical significance. 4-MeO-PVP at the high dose of
20 mg/kg caused a significant extension of time the animals spent
on the rotarod (Fig. 5d), an observation likely reflecting an in-
crease of their forced locomotor activity (Giannotti et al. 2017).

Cytotoxicity/Neurotoxicity

We have previously demonstrated that the exposure of SH-
SYS5Y neuroblastoma cells to 4-F-PVP and 4-MeO-PVP pro-
duces a moderate decline of their viability, measured as mito-
chondrial activity, in a time- and concentration-dependent
manner. On the other hand, both compounds evoked only a
slight damage to cell membranes at the highest concentration
used (300 uM) after 48-h exposure (Wojcieszak et al. 2018a).
Incubation of SH-SY5Y cells with 3-CMC for 24 h did not
affect their viability (Fig. 6a). Extension of the exposition time to
72 h resulted in a significant decline of SH-SYS5Y cell viability in
the concentration range of 50-300 1M, with a maximal decrease
by 49% of the control value at 300 uM (Fig. 6b). After 48-h
incubation with 3-CMC (100, 200, and 300 uM), a significant
damage to the cell membrane was observed, with a maximal effect
of approx. 21% of positive control group at 300 uM (Fig. 6¢).
Exposure of SH-SYSY cells to 4-CMC for 24 h caused
only a benign reduction of their viability at 200 uM and
300 uM, by 11% and 12%, respectively (Fig. 6d). Longer,
72-h incubation resulted in an intensification of cytotoxicity
at 200 uM and 300 uM, and extension of cytotoxic concen-
tration range to 100-300 uM. A maximal effect of 4-CMC
after 72-h incubation, a decrease of cell viability by 50%, was
observed at 300 uM (Fig. 6e). Incubation of SH-SY5Y cells
with 200 and 300 uM 4-CMC for 48 h resulted in a significant
damage to the cell membrane, with a maximal effect of
approx. 18% of positive control group at 300 uM (Fig. 6f).
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Discussion

Assessment of the ability of drugs of abuse to increase spon-
taneous locomotor activity of rodents is an important tool to
predict their abuse liability, as it is recognized that both
reinforcing/rewarding properties are mediated by an increase
of DA-ergic neurotransmission in the striatum, which is also
manifested in the locomotor stimulation (Baumann et al.
2011; Blough et al. 2019; Bonano et al. 2015). Therefore, it
is recommended that any CNS-active drug should be evaluat-
ed for its abuse potential both using in vitro and in vivo phar-
macological models (FDA 2017; Mdege et al. 2017).

The present study examined effects of four synthetic
cathinones from two chemical subgroups, halogenated
methcathinone derivatives (3-CMC and 4-CMC) and «-
pyrrolidinophenones (4-F-PVP and 4-MeO-PVP), on locomotor
activity and performance on the rotarod in male C57BL/6J mice.

All test compounds increased spontaneous horizontal loco-
motor activity in the dose-dependent manner, and with similar
potency. They produced significant locomotor stimulant ef-
fects at doses of 10 mg/kg and 20 mg/kg, while being inactive
at 5 mg/kg. 4-F-PVP and 4-MeO-PVP also evoked the dose-
dependent increases of vertical locomotor activity (rearing
counts). On the other hand, 3-CMC was inactive at all tested
doses, while the increase of vertical activity in mice treated
with 4-CMC was significant only at the middle dose of
10 mg/kg. Recently, Gatch et al. (2019) demonstrated stimu-
lation of horizontal locomotor activity in Swiss-Webster mice
by 4-CMC (1-10 mg/kg). Reported effects were delayed,
peaking 30-60 min after administration, and long lasting. In
our study, the locomotor stimulant effect of 4-CMC was im-
mediate at doses of 10 mg/kg and 20 mg/kg or delayed by
10 min at the 5 mg/kg dose; it lasted for a maximum 100 min.
The above discrepancies could be related to different strains of
mice (Swiss-Webster vs. C57BL/6J), and higher doses of the
drugused in the current study, which favor reaching high CNS
concentrations sooner. In addition, in our experimental proto-
col, mice freely explored the chamber for 30 min before ad-
ministration of the drug. Due to this habituation, a very stable
level of locomotor activity through the experiment was
achieved in the control group, which in turn allowed detection
of locomotor stimulation during the first minutes of analysis.

The results of the present study are in line with and expand
our previous findings on properties of three o-
pyrrolidinophenones (Wojcieszak et al. 2018b) and two
methcathinones (Wojcieszak et al. 2019). Firstly, they dem-
onstrate that besides a length of «-aliphatic side chain, also
substituents in the phenyl ring affect the psychostimulant po-
tency of a-pyrrolidinophenones. Previously, we found that
only «-PVP, a compound which contains an unsubstituted
phenyl ring and a side chain of 5 carbon atoms, used at
3 mg/kg significantly increased a total distance covered by
mice during 120 min, while an elongation of the side chain
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< Fig. 4 Effects of 4-MeO-PVP (5, 10, 20 mg/kg) on the spontaneous
locomotor activity of mice. Average horizontal (a—c) and vertical (e-g)
activities in 10-min bins. Total distance traveled during 120 min (d). Total
rearing counts during 120 min (h). Data presented as mean + standard
error of the mean (SEM) (n=8). ***p <0.001; **p <0.01; *p <0.05 vs.
control group; ###p <0.001; ##p <0.01; #p <0.05 vs. 4-MeO-PVP
20 mg/kg group

by 2 or 3 carbon atoms led to compounds with a lower poten-
cy, active at the minimal dose of 10 mg/kg (Wojcieszak et al.
2018b). The current study demonstrates that a similar change
in potency of drugs could be achieved by a substitution of the
phenyl ring with the fluoride or methoxy group in para posi-
tion. Chloride-substituted methcathinones, 3-CMC and 4-
CMC, display a similar profile of action to previously evalu-
ated methcathinone and 3-fluoromethcathinone, as all com-
pounds used at 10 mg/kg effectively increased the total hori-
zontal activity during 120 min of observation (Wojcieszak
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F-PVP (10, 20 mg/kg), and d 4-MeO-PVP (10, 20 mg/kg) on the perfor-
mance of mice on the rotarod. Data presented as mean =+ standard error of
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etal. 2019). Moreover, the results of the present study confirm
our previous observations (Wojcieszak et al. 2018b, 2019)
that x-pyrrolidinophenones, but not methcathinone and its
phenyl-substituted derivatives, lead to consistent increases of
vertical locomotor activity in mice.

Stimulation of horizontal locomotor activity had a similar
magnitude after the treatment with either of the four tested
cathinones at 10 mg/kg, as no significant differences among
groups were observed (Fig. 7a). After the treatment with the
higher dose (20 mg/kg), the only significant difference was
between 3-CMC and 4-MeO-PVP (Fig. 7b). On the other
hand, changes in the vertical locomotor activity seem to be
more specific to the drugs’ structure and mechanism of action.
Thus, chloromethcathinones, which act as DA and 5-HT re-
uptake inhibitors and releasers, equipotent at DAT and SERT
(4-CMC) or with a slight preference for DAT (3-CMC, DAT
selectivity 8.8), at the dose of 10 mg/kg produced significantly
lower vertical locomotor stimulation compared with 4-MeO-
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PVP (a potent and highly DAT-selective reuptake inhibitor)
(Fig. 7¢), and at 20 mg/kg were markedly less active than
either 4-F-PVP or 4-MeO-PVP (Fig. 7d) (Blough et al.
2019; Bonano et al. 2015; Eshleman et al. 2017).
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Therefore, although it is widely accepted that in rats com-
pounds with high DAT selectivity are potent forward locomo-
tor stimulators (Baumann et al. 2011; Blough et al. 2019), our
data suggest that vertical locomotor activity in mice could be
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more associated with a monoaminergic profile of synthetic
cathinones than the horizontal one. We admit that this as-
sumption has a limitation resulting from a lack of published
data on a pharmacological profile of 4-F-PVP. However,
based on the available pharmacological data, it can be gener-
alized that «-pyrrolidinophenones are highly potent reuptake
inhibitors with the significant preference for DAT over SERT
(Eshleman et al. 2017; Rickli et al. 2015). On the other hand,
based on our previous report (Wojcieszak et al. 2018b), the
potency of a drug to increase horizontal locomotor activity
may serve as an index of its ability to increase the extracellular
DA levels in the striatum, as in contrast to the similar activity
observed in vitro (Eshleman et al. 2017), experiments on animals
revealed that o-PVP produced stronger locomotor stimulation
than PVS, which was reflected in the more prominent increase
of extracellular DA levels in vivo after treatment with «-PVP.
In the second part of our study, we examined effects of syn-
thetic cathinones on the performance of mice in the rotarod test.
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with data presented in Figs. 1, 2, 3, and 4. Data presented as mean +
standard error of the mean (SEM) (n=38). ***p<0.001; **p <0.01;
*p <0.05 vs. 4-MeO-PVP group; ###p < 0.001 vs. 4-F-PVP group

In general, the rotarod test is used either to estimate impairment
of motor coordination and balance resulting from neurotoxicity,
which would be detected if the latency to fall was decreased
(Deacon 2013; Marusich et al. 2012; Shiotsuki et al. 2010), or
as a measure of stimulation of forced locomotor activity, where
an increase of time the animal remains on the rod is expected
(Giannotti et al. 2017). None of the tested compounds (3-CMC,
4-CMC, 4-F-PVP, and 4-MeO-PVP) reduced time the mice
remained on the rotarod. On the other hand, 4-MeO-PVP at the
high dose of 20 mg/kg significantly increased this parameter. Up
to date, an assessment of effects of different synthetic cathinones
on the performance of mice on the rotarod apparatus has been
done twice, however, using different protocols (Giannotti et al.
2017; Marusich et al. 2012). Using rotarod revolving at a con-
stant, low speed of 10 rpm, Marusich et al. (2012) did not ob-
serve significant changes in the performance of mice treated with
4-FMC, 3,4-MDPV, mephedrone, and methedrone, while 3-
FMC and methylone at 56 mg/kg significantly reduced time
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spent on the rod, an effect likely resulting from ataxia produced
by the high dose of the drugs. Using accelerating rotarod,
Giannotti et al. (2017) demonstrated that two pyrrolidine-
containing cathinones, 3,4-MDPV and «-PVP, markedly im-
proved the performance of mice. They postulated that the ob-
served improvement in the mouse behavior is due to an increased
forced locomotor activity, and involves stimulation of DA-ergic
neurotransmission in the striatum. This hypothesis is in accor-
dance with our present data. Both in our study and experiments
done by Giannotti and coworkers, all cathinones that increased
time spent by mice on the accelerating rod belong to the group of
a-pyrrolidinopentiophenones, and have a very strong preference
for DAT inhibition over SERT (Eshleman et al. 2017; Rickli
et al. 2015). In addition, x-PVP, a more potent compound than
4-MeO-PVP in terms of inhibiting DAT and selectivity for DAT
over SERT (Eshleman et al. 2017), increased the performance of
mice on the rotarod starting at 10 mg/kg (Giannotti et al. 2017),
while 4-MeO-PVP was effective at 20 mg/kg (present data). This
observation is supported by the fact that «-PVP is more potent at
inhibiting DAT and more selective for DAT over SERT com-
pared with 4-MeO-PVP (Eshleman et al. 2017), which is also
consistent with the fact that x-PVP stimulated both horizontal
and vertical locomotor activities in mice at lower doses than 4-
MeO-PVP (Wojcieszak et al. 2018b).

Based on the aforementioned observations, it could be hy-
pothesized that both the increase of vertical locomotor activity
and improvement in performance on the accelerating rotarod
is characteristic for compounds with high DAT/SERT selec-
tivity, and depends on their high potency to inhibit DAT.
Therefore, an assessment of these effects could be applied as
a behavioral test to confirm the pharmacological profile of
synthetic cathinones obtained from in vitro studies.

Despite the growing popularity of chloromethcathinones
on the recreational drugs’ market and documented cases of
acute intoxication in humans, little is known on their cytotoxic
activity (Adamowicz et al. 2020; Grifell et al. 2017; Odoardi
et al. 2016; Taschwer et al. 2014; Tomczak et al. 2018). The
present study demonstrates that 3-CMC does not produce sig-
nificant cytotoxicity against SH-SYS5Y neuroblastoma cells
after 24-h incubation, while 4-CMC slightly, but statistically
significantly decreases cell viability, measured as mitochon-
drial function, at 200 and 300 uM. As a result of prolonged
exposure time to 72 h, both compounds show considerable
cytotoxicity, starting at 50 and 100 uM, respectively, and
reaching a maximal effect of approx. 50% of cell death.
Consistently, after 48-h incubation, the cell membrane dam-
age is observed after the treatment with both 3-CMC and 4-
CMC, while 3-CMC exerts significant effects at a lower con-
centration. Although a direct mechanism of cytotoxicity was
not evaluated, based on literature data, it seems likely that
generation of toxic metabolites plays an important role. This
hypothesis is supported by a recent study showing that 4-
CMC was the least stable of studied cathinones, and its half-

life at a room temperature was < 1 day in blood and approx.
10 days in urine, suggesting a rapid enzymatic breakdown
(Adamowicz and Malczyk 2019). Importantly, a similar case,
where one of the major metabolites was found to be more
cytotoxic than the parent compound, was reported for 3,4-
MDPV (Coccini et al. 2019; Wojcieszak et al. 2016). The
delay of emergence of cytotoxic effects of both
chloromethcathinones distinguishes them from previously re-
ported properties of 4-MeO-PVP and 4-F-PVP (Wojcieszak
et al. 2018a). Although the maximal effect on the mitochon-
drial activity after 72-h incubation and the damage to cell
membranes after 48 h are of comparable magnitude, para-
substituted a-pyrrolidinopentiophenones exert more pro-
nounced cytotoxicity against SH-SYSY cells after shorter,
24-h incubation, compared with 3-CMC and 4-CMC
(Wojcieszak et al. 2018a).

A few documented reports on cytotoxicity of
chloromethcathinones have been published. Fluoride and chlo-
ride share many chemical properties, as they are highly reactive
and electrophilic halogens with a low molecular mass. As a
result, halogenation using fluoride or chloride is a common mod-
ification done in order to obtain new designer drugs with similar
properties. Pharmacological and toxicological properties of
chloro- and fluoro-derivatives are often compared (Luethi et al.
2019; Suyama et al. 2016). 4-Chloromethcathinone at millimolar
concentrations has been found to diminish the viability of Hep
G2 cells, widely accepted as a model of hepatotoxicity, with
greater potency compared with 4-fluoromethcathinone (4-
FMC) (Luethi et al. 2019). Similarly, 4-FMC exerted cytotoxic-
ity against differentiated SH-SYSY cells after 24-h exposure,
starting at 500 pM (Soares et al. 2019), which is higher than
toxic concentrations of 4-CMC demonstrated by us. This obser-
vation confirms findings of Luethi et al. (2019) that toxicity of
para-substituted methcathinone analogs can be ordered as fol-
lows: chloride > fluoride > hydrogen. Although one may dispute
that different potencies of 4-CMC and 4-FMC could result from
using differentiated SH-SYSY cells by Soares et al. (2019) and
undifferentiated cells in the current study, it should be noted that
in both cases cytotoxic concentrations of the drugs are substan-
tially higher than their ICs, values for monoamine transporters
(Luethi et al. 2019), indicating that the mechanism of cytotoxicity
most likely does not involve an interaction of drugs with DAT,
NET, or SERT. Interestingly, the discussed difference in cyto-
toxic properties of para-halogenated methcathinones points to
the necessity to characterize and assess toxic effects of major 4-
CMC and 4-FMC metabolites, as according to Adamowicz and
Malczyk (2019), 4-FMC has two times longer half-life in the
blood than 4-CMC, suggesting that potentially toxic metabolites
of 4-CMC can be generated faster. The deleterious effects of
halogenated methcathinones are not limited to the para-deriva-
tives, as we currently demonstrate neurotoxic properties of meta-
substituted 3-CMC, and there are reports on the cytotoxic effect
of 3-FMC against mouse hippocampal neuronal HT22 cells
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(Siedlecka-Kroplewska et al. 2014, 2018). Although 3-FMC
caused inhibition of cell growth and induced cell death at con-
centrations of 1 mM and higher, the comparison of potency with
3-CMC is not possible because of the use of cells of different
origin.

Conclusions

Taken together, the current study demonstrates that two
chloromethcathinones, namely 3-CMC and 4-CMC, and two
para-substituted «-pyrrolidinopentiophenones, 4-MeO-PVP
and 4-F-PVP, dose-dependently stimulate spontaneous horizon-
tal locomotor activity in mice, while only pyrovalerones produce
dose-dependent elevation of vertical locomotor activity. The po-
sition of the chloride substituent in the phenyl ring of
chloromethcathinones does not affect their psychostimulant po-
tency, while at the highest test dose (20 mg/kg), 4-MeO-PVP
produces stronger stimulation of vertical locomotor activity than
4-F-PVP and both CMC:s. In accordance with this, only 4-MeO-
PVP increases the performance of mice on the accelerating
rotarod at 20 mg/kg. None of test drugs decreases the latency
to fall, pointing to the lack of considerable deficits in motor
coordination of mice after acute exposition. As «-
pyrrolidinophenones are demonstrated to be highly potent and
selective DA uptake inhibitors, in contrast to
chloromethcathinones being non-selective DA/5-HT releasers,
the ability to increase vertical locomotor activity and perfor-
mance on the rotarod in mice seems to be a behavioral indicator
of the profile of action of synthetic cathinones. Additionally, the
current study demonstrates that both 3-CMC and 4-CMC are
endowed with cytotoxic activity against SH-SYS5Y cells, which
emerges and intensifies after prolonged incubation, suggesting
the indirect mechanism of action.
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