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Abstract: Mexedrone, α-PVP and α-PHP are synthetic cathinones. They can be considered 

amphetamine-like substances with a stimulating effect. Actually, studies showing their 

impact on DNA are totally absent. Therefore, in order to fill this gap, aim of the present 

work was to evaluate their mutagenicity on TK6 cells. On the basis of cytotoxicity and 

cytostasis results, we selected the concentrations (35–100 µM) to be used in the further 

analysis. We used the micronucleus (MN) as indicator of genetic damage and analyzed 

the MNi frequency fold increase by flow cytometry. Mexedrone demonstrated its muta-

genic potential contrary to the other two compounds; we then proceeded by repeating the 

analyzes in the presence of extrinsic metabolic activation in order to check if it was possi-

ble to totally exclude the mutagenic capacity for α-PVP and α-PHP. The results demon-

strated instead the mutagenicity of their metabolites. We then evaluated reactive oxygen 

species (ROS) induction as a possible mechanism at the basis of the highlighted effects but 

the results did not show a statistically significant increase in ROS levels for any of the 

tested substances. Anyway, our outcomes emphasize the importance of mutagenicity 

evaluation for a complete assessment of the risk associated with synthetic cathinones ex-

posure. 
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1. Introduction 

The number of novel psychoactive substances (NPS) newly introduced to the Euro-

pean market over the last years has risen sharply. The dramatic increase of NPS on the 

illicit drug market, with the aim of bypassing the controlled substances legislation, is a 

public health and regulatory challenge of worldwide concern. NPS are often almost auto-

matically associated with phenomena such as addiction, intoxication and overdose, that 

can lead to hospitalisation or even death. 

To date, most of the available toxicological information essentially derive from acute 

or short-term observations, while the long-term effects seem to be nearly unknown. 

To fill this gap, for a couple of years we have been carrying out several studies about 

numerous NPS belonging to different classes. The aim was, in particular, to investigate 

their possible mutagenicity, whose key role in the potential long-term toxicity is well 

known. 
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We therefore published a first study in 2020 in which it was possible to demonstrate 

for the first time the mutagenic capacity, in terms of increasing the frequency of MNi, of 

four synthetic cannabinoids, STS-135, APINAC, JWH-018-Cl and BB-22, and confirm what 

was reported by Koller et al. for JWH-018 and 5F-AKB-48 both in terms of cytotoxicity and 

cystostasis and in terms of MNi frequency [1–3].  

This important result further supported the need to implement the available data and 

to analyze other classes of NPS. Indeed, this could help to understand if a class toxicity 

characteristic for synthetic cannabinoids could be defined and therefore if it could be con-

nectable to a particular chemical structure. For this reason, we decided to address the 

evaluation of the mutagenic potential of psychedelic molecules, in particular focusing on 

four psychoactive phenethylamines, 2C-H, 2C-I, 2C-B e 25B-NBOMe [4]. Additionally, in 

this case, it was possible to demonstrate how all substances proved to be mutagen and to 

identify a possible involvement of oxidative stress as a mechanism underlying the genetic 

damage highlighted. These results suggested us the next natural step, that was to continue 

the studies by investigating the cytotoxic and mutagenic potential and the ability to in-

duce oxidative stress of synthetic cathinones, molecules that mainly dominated seizures 

in Europe in 2020 [5]. A small but increasing number of synthetic cathinones production 

sites has been discovered [5]. Synthetic cathinones are chemical analogues of a natural 

stimulant (cathinone) found in the leaves of a psychoactive plant [6]. Synthetic analogues 

of cathinone, also called β-keto amphetamines, are chemical structures that can be easily 

modified leading to a wide range of psychostimulant compounds. Even though the law 

has evolved to schedule NPS and limit their spread, the overall availability of new syn-

thetic cathinones has not decreased. Among these, mexedrone (3-methoxy-2-(methyla-

mino)-1-(4-methylphenyl)propan-1-one), α-PVP (alpha-pyrrolidinopentiophenone) and 

α-PHP (alpha-pyrrolidinohexanophenone), analogously to other cathinones, have been 

associated with fatal and non-fatal intoxications emphasizing the importance of knowing 

of their pharmaco-toxicological profile [7–15]. α-PVP, and its less common analogue α-

PHP, are pyrovalerone type designer drugs. Pyrovalerone derivatives (α-pyrrolidinophe-

nones) are a synthetic cathinones subgroup chemically characterized by a pyrrolidine ring 

and a long side chain linked to the α-carbon [10]. α-PVP was first detected in the EU in 

2011, while the first report on α-PHP identification in Japan was published in 2014 [7,16]. 

Mexedrone was identified by Qian and collaborators in 2016 and is a lesser-known alpha-

methoxy derivative of the popular synthetic cathinone mephedrone (4-methyl-N-methyl 

cathinone), a drug linked to neurotoxicity [17–19]. The abuse of these substances is related 

to their psychostimulant effects that are similar to those induced by cocaine, amphetamine 

and MDMA [6]. Mexedrone, α-PVP and α-PHP have been frequently linked to polydrug 

use cases and, as with other synthetic cathinones, induce effects such as increased energy, 

reduced appetite, euphoria, sociability, and intensified sensory experiences [10,11]. In ad-

dition to this typical stimulant profile, different adverse effects such as tachycardia, rest-

lessness, agitation, bruxism, seizures, hallucinations, and psychosis should be considered 

[8,9,11,20–23]. At the molecular level, both effects and adverse effects of these novel rec-

reational drugs can be related to their interaction with dopamine (DAT), norepinephrine 

(NET), and serotonin (SERT) transporters [24–27]. Particularly, pyrovalerone derivatives 

pharmacological activity has been recently studied in vitro using human embryonic kid-

ney 293 cells. α-PVP (DAT IC50 = 0.04 µM; NET IC50 = 0.02 µM; SERT IC50 > 10 µM) and α-

PHP (DAT IC50 = 0.02 µM; NET IC50 = 0.04 µM; SERT IC50 > 10 µM) selectively and very 

potently inhibit the dopamine and norepinephrine reuptake with negligible affinity for 

the SERT and do not enhance neurotransmitters release, as opposed to other synthetic 

cathinones [24,25]. Differently, a recent in vitro study in rats’ brain synaptosomes has 

shown that mexedrone (DAT IC50~6.8 µM; NET IC50~8.8 µM; SERT IC50~5.2 µM) weakly 

inhibit monoamines uptake and exert a weak releasing activity on SERT (EC50 = 2.5 µM) 

[28]. Among all available studies, the bibliographic searches conducted on the main data-

bases did not report any genotoxicological investigation concerning mexedrone, α-PVP 

and α- PHP and only one regarding 3-MMC and 4-MEC is present [29]. 
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For these reasons, we evaluated in vitro, on human lymphoblastoid TK6 cells, the 

mutagenic potential of these three synthetic cathinones, in particular in terms of MNi fre-

quency fold increase, following the OECD guideline n° 487 [30] and using an automated 

version by flow cytometry (FCM) recently developed [31]. 

2. Results 

In the preliminary phase of the research, we determined the concentrations to be used 

in the subsequent experiments aimed at evaluating the potential mutagenicity of synthetic 

chatinones in study. First, we assessed the mexedrone, α-PVP and α-PHP induced cyto-

toxicity after 26 h treatment by measuring the percentage of live cells at the different con-

centrations tested (25, 35, 50, 75, 100 µM). This value was normalized on the one obtained 

in the concurrent negative control cultures in order to check that the cellular viability com-

plied with the OECD threshold (equal to 55 ± 5 %) [30]. 

In Figure 1 it can be seen how the viability is abundantly above the OECD threshold 

(represented by the red line) for all substances (Figure 1 A,B,C). 

 

Figure 1. Cell viability on TK6 cells after 26 h treatment with mexedrone (A), α-PVP (B), α-PHP (C) at the indicated con-

centrations compared to the negative control [0 µM]. Each bar represents the mean ± SEM of five independent experiments. 

Data were analyzed by ANOVA Repeated followed by Dunnet post-test. 

In addition, to make the mutagenicity test reliable, it is necessary to check the cellular 

proliferation in order to verify that a sufficient number of cells has undergone mitosis and 
so that they are able to transmitt the genetic damage suffered to the daughter cells. For 

this purpose, the OECD recommends the measurement of the Relative Population Dou-

bling (RPD) to estimate the cytostasis and, analogously to the cytotoxicity, establishes a 

threshold at most equal to 55 ± 5 % [30]. Similarly, to what has been reported for cytotox-

icity, all three substances under study, at all the concentrations tested, showed an RPD 

well above the established threshold (Table 1). 

Table 1. RPD on TK6 cells after 26 h treatment with mexedrone, α-PVP, α-PHP at the indicated 

concentrations compared to the negative control [0 µM]. Data are presented as mean ± SEM of five 

independent experiments. 

Relative Population Doubling (RPD9 

 Mexedrone  α-PVP α-PHP 

0 µM 100.00% 100.00% 100.00% 

25 µM 97.0%  3.2 91.5%  5.9 88.3%  1.3 

35 µM 92.0%  4.2 88.4%  6.8 94.4%  1.7 

50 µM 88.4%  7.9 88.7%  7.1 96.8%  3.2 

75 µM 95.2%  3.5 89.9%  4.6 85.2%  3.5 

100 µM 90.1%  3.6 87.6%  6.3 85.9%  5.6 
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The research continued by considering another alternative cell death mechanism, i.e., 

apoptosis, since the assessment of other cytotoxicity markers could provide useful addi-

tional information (e.g., cell integrity, apoptosis, necrosis, etc.). 

The evaluation of the apoptotic process was carried out according to the Guava Nexin 

assay. For mexedrone, α-PVP and α-PHP the induction of apoptosis never reached a dou-

bling if compared to the concurrent negative control at all the selected concentrations (Fig-

ure 2 A–C). 

 

Figure 2. Apoptosis fold increase on TK6 cells after 26 h treatment with mexedrone (A), α-PVP (B) and α-PHP (C) at the 

indicated concentrations compared to the negative control [0 µM]. Each bar represents the mean ± SEM of five independent 

experiments. Data were analyzed using repeated ANOVA followed by Dunnet post-tests. 

Overall, the obtained results allowed selecting the concentrations to be used in the 

mutagenic analysis. In particular, 75 and 100 µM were tested for all synthetic cathinones. 

The cultures treated in this way, were compared with negative and positive (Mytomicin 

(MMC) or Vinblastine (VINB)) treated cultures. 

In particular, mexedrone showed a significant increase of the MNi frequency at both 

the concentrations tested (75 and 100 µM) (Figure 3); while for α-PVP (Figure 4) and α-

PHP (Figure 5) no statistically significant increase was observed. 

 

Figure 3. MNi frequency fold increase on TK6 cells after 26 h treatment with mexedrone at the indicated concentrations 

compared to the negative control [0 µM] and to positive controls [MMC and VINB] (A), plot of nuclei and MNi in the 

negative control (B) and in 100 µM mexedrone -treated cultures (C). Each bar represents the mean ± SEM of five inde-

pendent experiments. Data were analyzed using repeated ANOVA followed by Bonferroni post-test. * p < 0.05 vs. 0 µM; 

** p < 0.01 vs. 0 µM; *** p < 0.001 vs. 0 µM. 
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Figure 4. MNi frequency fold increase on TK6 cells after 26 h treatment with α-PVP at the indicated concentrations com-

pared to the negative control [0 µM] and to positive controls [MMC and VINB] (A), plot of nuclei and MNi in the negative 

control (B) and in 100 µM α-PVP -treated cultures (C). Each bar represents the mean ± SEM of five independent experi-

ments. Data were analyzed using repeated ANOVA followed by Bonferroni post-test. ** p < 0.01 vs. 0 µM; *** p < 0.001 vs. 

0 µM. 

 

Figure 5. MNi frequency fold increase on TK6 cells after 26 h treatment with α-PHP at the indicated concentrations com-

pared to the negative control [0 µM] and to positive controls [MMC and VINB] (A), plot of nuclei and MNi in the negative 

control (B) and in 100 µM α-PHP-treated cultures (C). Each bar represents the mean ± SEM of five independent experi-

ments. Data were analyzed using repeated ANOVA followed by Bonferroni post-test. ** p < 0.01 vs. 0 µM; *** p < 0.001 vs. 

0 µM. 

Subsequently, given the absence of mutagenicity of α-PVP and α-PHP, we analyzed 

the possible mutagenic activity of the metabolites produced by all three synthetic cathi-

nones in study. 

In particular, the cultures were treated with 75 and 100 µM concentrations and then 

were compared to negative and positive (cyclophosphamide (CP)) controls. Mexedreone 

showed a statistically significant increase at both concentrations tested similarly to the 
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results obtained in the absence of S9 mix (Figure 6). α-PVP showed a significant increase 

in MNi frequency at both concentrations tested (Figure 7), while for α-PHP a statistically 

significant increase was observed only at the highest concentration tested (Figure 8). 

 

Figure 6. MNi frequency fold increase on TK6 cells after 3 h + S9 mix treatment with mexedrone at the indicated concen-

trations compared to the negative control [0 µM] and to the positive control [CP] (A), plot of nuclei and MNi in the negative 

control (B) and in 100 µM mexedrone-treated cultures (C). Each bar represents the mean ± SEM of five independent ex-

periments. Data were analyzed using repeated ANOVA followed by Bonferroni post-test. * p < 0.05 vs. 0 µM. 

 

Figure 7. MNi frequency fold increase on TK6 cells after 3 h + S9 mix treatment with α-PVP at the indicated concentrations 

compared to the negative control [0 µM] and to the positive control [CP] (A), plot of nuclei and MNi in the negative control 

(B) and in 100 µM α-PVP-treated cultures (C). Each bar represents the mean ± SEM of five independent experiments. Data 

were analyzed using repeated ANOVA followed by Bonferroni post-test. * p < 0.05 vs. 0 µM; ** p < 0.01 vs. 0 µM. 
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Figure 8. MNi frequency fold increase on TK6 cells after 3 h + S9 mix treatment with α-PHP at the indicated concentrations 

compared to the negative control [0 µM] and to the positive control [CP] (A), plot of nuclei and Mni in the negative control 

(B) and in 100 µM α-PHP-treated cultures (C). Each bar represents the mean ± SEM of five independent experiments. Data 

were analyzed using repeated ANOVA followed by Bonferroni post-test. * p < 0.05 vs. 0 µM; ** p < 0.01 vs. 0 µM. 

Lastly, in order to identify a possible mechanism of action at the basis of the muta-

genic activity, TK6 cells were treated with the synthetic cathinones for 1, 6 and 12 h and 

then the possible ROS induction was measured. 

The highest concentration tested was selected for each substance: 100 µM for all cath-

inones. The cultures treated in this way were compared to negative and positive (H2O2) 

controls. The results did not show a statistically significant increase of the mean fluores-

cence intensity if compared to the concurrent negative control for all the cathinones in 

study (Figure 9). 

 

Figure 9. ROS fold increase on TK6 cells after 1 (A), 6 (B) and 12 (C) h treatment with mexedrone, α-PVP, α-PHP at the 

indicated concentrations compared to the negative control [0 µM] and to positive control (H2O2). Each bar represents the 

mean ± SEM of five independent experiments. Data were analyzed using repeated ANOVA followed by Bonferroni post-

test. ** p < 0.01 vs. 0 µM. 
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3. Discussion 

To date, studies involving mutagenicity and the potential long-term effects of mexe-

drone, α-PVP and α-PHP are totally absent, so we proceeded to their cytotoxic and muta-

genic evaluation. This research was entirely conducted in vitro on TK6 cells, selected on 

the basis of their human and non-tumoral origin, among cell lines recognized by OECD 

as validated assay systems for mutagenic evaluation [30]. The tests were all carried out by 

FCM which, in our two previous studies, has already proved to be a very effective plat-

form to screen multiple molecules at the same time, as it allows an objective multi-param-

eter measurement supported by a high number of events analyzed in a very short time 

[1,4]. In particular, for the evaluation of mutagenic potential an innovative protocol was 

also used, which has been recently published and developed in our laboratory for the 

execution in FCM of the “In vitro mammalian cell micronucleus test,” corresponding to 

OECD guideline no. 487 [30]. Indeed, although MN has long been recognized as a valid 

biomarker of chromosomal damage and genomic instability, the classical analysis method 

in optical microscopy shows some inevitable criticalities, including long sample prepara-

tion and analysis times and the subjectivity of interpretation by the operator. 

In order to proceed with the evaluation of mutagenicity, it is necessary that the 

treated population has at least 40% of live and proliferating cells if compared to the control 

cultures. Therefore, in the first phase of the research, aliquots of TK6 cells were treated 

with the three synthetic cathinones under study in different concentrations for 26 h, cor-

responding to the time required for TK6 cells to perform two replication cycles. At the end 

of the treatment, cell viability and proliferation were evaluated. The Guava ViaCount as-

say showed that mexedrone, α-PVP and α-PHP do not induce any cytotoxic or cytostatic 

effects up to the highest concentration tested (100 µM). 

At the same time, apoptosis was also evaluated, as a cell death mechanism alternative 

to necrosis and particularly important for the purpose of mutagenicity. Indeed, the popu-

lation of cells that has suffered irreparable genetic damage could be selectively eliminated 

by means of apoptosis. The results obtained with the Guava Nexin assay allowed high-

lighting a similar behaviour for all the three molecules analyzed. In particular, at all the 

concentrations tested, mexedrone, α-PVP, and α-PHP did not increase the percentage of 

apoptotic cells at all. This has important repercussions in terms of mutagenicity because 

it highlights the cell’s inability to counteract, through this mechanism of programmed 

death, the transmission of an aberrant genome to daughter cells. 

Overall, the results obtained in these assays permitted to define the concentrations to 

be tested in the subsequent mutagenicity studies. Then, the automated flow cytometric 

protocol allowed demonstrating the ability of mexedrone to increase the frequency of MNi 

in a statistically significant manner and therefore to prove itself to be mutagenic, in par-

ticular in terms of induction of chromosomal aberrations. In contrast, for α-PVP, and α-

PHP no increase in the frequency of MNi was observed. The behaviour exhibited by mex-

edrone agrees with what Al-Serori et al. demonstrated for 3-MMC and 4-MEC [29] and, 

when compared to α-PVP and α-PHP, underlines how, not only among NPS belonging to 

different classes but also within the same class, molecules that share a strong structural 

analogy may have very different toxicological spectra. 

However, the deficiency of mutagenic capacity of α-PVP and α-PHP could only be 

apparent and due to the poor metabolic capacity of the cell line employed in this study. 

Indeed, as previously pointed out, TK6 cells are recognized by OECD as the validated 

assay system for in vitro mutagenesis evaluation, but it has been shown that they have 

negligible expression of the main cytochrome CYP-450 isoforms, which are responsible 

for the metabolic transformation of chemical substances [32]. 

To overcome this lack, the guidelines suggest the use of an extrinsic metabolic acti-

vation system. Therefore, the study continued in this direction i.e., also investigating the 

possible mutagenic activity of the metabolites produced by mexedrone, α-PVP and α-

PHP. For this purpose, S9 mix has been added to the cultures, then treated with the syn-

thetic cathinones for a short treatment time (3 h) followed by a recovery period in fresh 



Int. J. Mol. Sci. 2021, 22, 6320 9 of 14 
 

 

medium of 23 h, as recommended by OECD 487 [30]. The results, albeit preliminary, 

showed a statistically significant increase in MNi frequency for all synthetic cathinones, 

allowing us in particular to hypothesize a possible mutagenic activity of the metabolites 

produced by α-PVP and α-PHP. This result confirms the well-known role of metabolism 

in transforming the so-called pre-mutagen into final mutagen, generating metabolites 

with chemical and structural characteristics such as to be able to interact with DNA, form 

a stable bond and consequent damage which, if not properly repaired, it will be fixed and 

will result in an irreversible mutation. The fact that α-PVP and α-PHP produce metabo-

lites endowed with mutagenic capacity allows ascribing also to these two synthetic cathi-

nones the ability to induce chromosomal aberrations, an aspect that further aggravates 

their toxicity profile, particularly in the long term, as it is well known the close link be-

tween mutations and chronic-/neuro-degenerative pathologies. 

Although knowing the pharmacokinetic profile of these synthetic cathinones could 

be fundamental to predict and better evaluate their potential toxic properties, very little is 

known about it. Recent in vitro studies have reported the identification of 6 phase I me-

tabolites of α-PVP and showed PVP lactam and ß-hydroxy PVP as major metabolites [33–

35]. It has also been reported that 19 phase I metabolites and 9 glucuronide conjugates of 

α-PHP were identified in human urine of a drug abuser. Among these, β-keto-reduced 

alcoholic dihydro metabolite and glucuronidated ß-keto-reduced alcohols were the most 

represented and a recent study has identified α-PHP dihydroxy-pyrrolidinyl as additional 

major metabolite [36–38]. Differently, although its synthetic pathways have been recently 

investigated, mexedrone pharmacokinetic profile is still unclear [28]. 

In addition to identification, it would be interesting also to isolate the metabolites 

produced in vitro and test them individually in the same way employed in the present 

work, in order to identify which and/or how many of these metabolites are responsible 

for the mutagenic effect. However, the really fundamental result, already obtained from 

our preliminary studies, is the demonstrated mutagenic capacity of all three synthetic 

cathinones under study, regardless of its attribution to the parental compound or one of 

its metabolites. 

A due consideration must be made also on oxidative stress induction. Our study 

ended by analysing the possible formation of ROS after 1, 6, 12 h treatment with the three 

synthetic cathinones under study, in order to investigate one possible mechanism at the 

basis of the mutagenic activity demonstrated. It is indeed well known how ROS, such as 
1O2, O2, H2O2, OH, are involved in genetic damage. Our results revealed no statistically 

significant increase in ROS levels at any of the treatment times and for all the synthetic 

cathinones analyzed, suggesting, in particular, the involvement of other mechanisms un-

derlying the proven damage to the genetic material. It is important to point out that the 

results we obtained for α-PVP differ from what is reported in the literature. A possible 

explanation lies in the fact that Zhou et al. showed a statistically significant increase in 

mitochondrial superoxide production by treating a different cell line (C2C12 myoblasts) 

for a definitely longer time (24 h) and with concentrations from 10 to 20 times higher than 

ours [39]. Analogously, the ability to induce oxidative stress demonstrated, mainly on 

neuronal cells, also by other synthetic cathinones, could be similarly justified by the high 

doses tested and the long treatment times [40,41]. 

An interesting aspect to think about could be the relevance in vivo of our in vitro 

results. Regarding in particular the proved mutagenicity of the molecules under study, it 

is important to underline that our findings agree with the mutagenicity demonstrated for 

mephedrone [42] and for khat extract [43] in rats and for cathinone in mice [44,45]. More-

over, it could be asked whether the concentrations we tested are reachable in vivo and if 

they are comparable to the level of synthetic cathinones detectable in human users. How-

ever, it is recognised that it is not possible to define a No-Observed-Adverse-Effect Level 

(NOAEL) for genotoxic substances and zero risk corresponds only to the zero dose, there-

fore, any dose is potentially toxic. increasing the dose and the exposure, the likelihood 

that damage will occur increases [46]. 
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The research carried out in the present work does not provide all the answers but 

adds another small piece to the puzzle of the toxicological knowledge of synthetic cathi-

nones and rather stresses the need to continue the studies, testing both the parental com-

pounds and the corresponding metabolites. 

4. Materials and Methods 

4.1. Reagents 

Ethylenediaminetetraacetic acid (EDTA), fetal bovine serum (FBS), L-glutamine (L-

Gln), Mitomycin C (MMC), Nonidet, penicillin-streptomycin solution (PS), phosphate 

buffered saline (PBS), cyclophosphamide, potassium chloride, potassium dihydrogen 

phosphate, Roswell Park Memorial Institute (RPMI) 1640 medium, water bpc grade, eth-

anol, sodium chloride, sodium hydrogen phosphate, vinblastine (VINB), 2′-7′-dichlorodi-

hydrofluorescin diacetate (DCFH-DA) (all purchased from Merck, Darmstadt, Germany), 

Guava Nexin Reagent, Guava ViaCount Reagent (all purchased from Luminex Corpora-

tion, Austin, TX, USA), RNase A, SYTOX Green, 7-aminoactinomycin D (7-AAD) (pur-

chased from Thermo Fisher Scientific, Waltham, MA, USA), Mutazyme 10% S9 Mix (pur-

chased from Moltox, NC, United States). 

4.2. Synthetic Cathinones 

The synthetic cathinones mexedrone, -PVP, -PHP were purchased from LGC 

Standards (LGC Standards S.r.L., Sesto San Giovanni, Milan, Italy) and www.chemi-

calservices.net. 

All synthetic cathinones were dissolved in absolute ethanol up to 10 mM stock solu-

tion and stored at −20 °C. Absolute ethanol concentration was always in the range 0.25–

1.0 % in all experimental conditions, to avoid potential solvent toxicity. 

4.3. Cell Culture and Treatments 

Human TK6 lymphoblast cells were purchased by Merck (Darmstadt, Germany) and 

were grown at 37 °C and 5 % CO2 in RPMI-1640 supplemented with 10 % FBS, 1 % L-GLU 

and 1% PS. To maintain exponential growth and considering that the time required to 

complete the cell cycle is 13–14 h, the cultures were divided every three days in fresh me-

dium and the cell density did not exceed the critical value of 9 × 105 cells/mL. 

In all experiments, aliquots of 2.5 × 105 of TK6 cells in 1 mL were seeded and treated 

with increasing concentrations of synthetic cathinones from 0 to 100 µM for 26 h without 

S9 Mix or for 3 h followed by 23 h recovery period with or without S9 Mix. 

Cytotoxicity, cytostasis and apoptosis were measured after 26 h of treatment while 

mutagenicity at both treatment times. 

Finally, the analysis of ROS was performed after 1, 6 and 12 h of treatment. 

4.4. Flow Cytometry 

All FCM analysis reported below were performed using a Guava easyCyte 5HT flow 

cytometer equipped with a class IIIb laser operating at 488 nm (Luminex Corporation, 

Austin, TX, USA). 

4.5. Cytotoxicity Analysis 

Cytotoxicity assay was performed as previously described by Lenzi et al. [1,2] and 

Cocchi et al. [3]. Briefly, at the end of the treatment time, 1.5 × 105 cells were stained with 

180 µL of Guava ViaCount Reagent and incubated for 5 min at room temperature (RT) 

The reagent allows the discrimination of viable from dead cells based on their different 

permeability to DNA-binding dye. A total of 1000 events were acquired and analyzed by 

Guava ViaCount software. 

The results obtained from the samples treated with different concentrations of syn-

thetic cathinones were normalized on those obtained from the untreated control cultures, 
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accounted equal to 100%. These results were used to check that the cellular viability per-

centage respected the OECD threshold (55  5%) for each synthetic cathinones treatment 

[30]. 

4.6. Cytostasis Analysis 

In parallel, always using the Guava ViaCount Reagent, the number of cells seeded at 

time 0 and the one measured at the end of the treatment time were used to check the 

correct replication and to calculate the Population Doublings (PD) values. Subsequently, 

the PD obtained in the control cultures was compared to that measured in the treated 

cultures obtaining the Relative Population Doublings (RPD). PD and RPD were calculated 

with the following formulas: 

𝑃𝐷 = log (
𝑝𝑜𝑠𝑡 − 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟
) ÷ log 2 (1) 

𝑅𝑃𝐷 =
𝑃𝐷 𝑖𝑛 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑠

𝑃𝐷 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑐𝑢𝑡𝑢𝑟𝑒𝑠
 𝑥 100 (2) 

Similarly, to cytotoxicity, the cytostasis was checked, in order to verify that cell pro-

liferation respected the threshold established by OECD guideline (55  5%) [30]. 

4.7. Apoptosis Analysis 

The percentage of apoptotic cells was evaluated by the Guava Nexin Assay according 

to the procedure by Lenzi et al. [1,31] and Cocchi et al. [4]. 

Briefly, at the end of the treatment time the percentage of apoptotic cells was assessed 

using the Guava Nexin Reagent. The reagent contains the 7-aminoactinomycin D (7- 

AAD), a cells non-permeant dye that allows the discrimination between live and dead 

cells, and the Annexin-V-PE that allows the identification of apoptotic cells by binding to 

the phosphatidylserine on the cell surface. 

100 µL of reagent was added to 100 µL of cell suspension (~ 1 × 105 cells) and incu-

bated for 20 min at RT. Then, a total of 2000 events were acquired and analyzed by Guava 

Nexin software. 

The apoptotic cell percentages recorded in the cultures treated with synthetic cathi-

nones different concentrations were normalized on those recorded in the untreated con-

trol cultures, accounted equal to 1 and expressed as apoptotic fold increase. These results 

were used to check that the apoptosis induction for each synthetic cathinone was similar 

or corresponding at most to a doubling of that recorded in the untreated control cultures 

[1,4,31]. 

4.8. Genotoxicity Analysis 

The analysis of the MNi frequency was performed using an automated protocol pub-

lished by Lenzi et al. [31]. 

Briefly, at the end of the treatment time 7 × 105 cells were collected, incubated with 7-

AAD at RT for 5 min, lysed and stained with SYTOX Green. A total of 10,000 nuclei, de-

rived from viable and proliferating cells, and the corresponding number of MNi were ac-

quired and analyzed by Guava Incyte software. The discrimination between nuclei and 

MNi occurs on the basis of the different size and intensity of green fluorescence. 

The MNi frequency (number of MNi/10,000 nuclei) recorded in treated cultures were 

normalized on those recorded in the concurrent negative control cultures, accounted 

equal to 1 and expressed as MNi frequency fold increase. 

The exogenous metabolic activation system employed is a co-factor-supplemented 

post-mitochondrial fraction (S9 mix) prepared from the livers of rats treated with enzyme-

inducing agent Aroclor 1254. The final concentration of S9 in the culture medium was 

0.75%. 
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We used the clastogen MMC and the aneuploidogen VINB as positive controls in 

absence of S9 mix, while CP, a clastogen agent requiring metabolic activation, in presence 

of S9 mix [30]. 

4.9. ROS Analysis 

The analysis of ROS levels was performed using the dichlorofluorescin assay as pre-

viously described by Cocchi et al. [4]. 

Briefly, at the end of the treatment time 2 × 105 cells were stained at 37 °C in the dark 

for 20 min with 2′,7′-dichlorodihydrofluorescin diacetate (DCFH2-DA). A total of 5000 

events, derived from viable cells, were acquired and analyzed by Guava Incyte software. 

The fluorescence intensity of 2′,7′-dichlorofluorescin (DCF) (which is formed in cells 

in presence of ROS) recorded in treated cultures were normalized on those recorded in 

the untreated control cultures, accounted equal to 1 and expressed as ROS fold increase. 

We used H2O2 as positive control. 

4.10. Statistical Analysis 

All results were expressed as mean ± SEM of at least five independent experiments. 

All the statistical analyzes were performed using the Analysis of Variance for paired data 

(repeated ANOVA), followed by Dunnett or Bonferroni as post-tests (Prism Software 4). 

Author Contributions: Designed the project and supervised the experiments M.L. and M.M.; per-

formed the experiments and analyzed the data V.C. and S.G.; writing -original draft preparation 

M.L., V.C., S.G., R.A.; writing -review and editing M.L., M.M., P.H.; funding acquisition P.H. and 

M.M. All authors have read and agreed to the published version of the manuscript. 

Funding: This research has been funded by the Anti-Drug Policies Department, Presidency of the 

Council of Ministers, Italy (project: “Effects of NPS: development of a multicentre research for the 

information enhancement of the Early Warning System” to M. Marti), local funds from the Univer-

sity of Ferrara (FAR 2019, FAR 2020 to M. Marti) 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Lenzi, M.; Cocchi, V.; Cavazza, L.; Bilel, S.; Hrelia, P.; Marti, M. Genotoxic Properties of Synthetic Cannabinoids on TK6 Human 

Cells by Flow Cytometry. Int. J. Mol. Sci. 2020, 21, 1150, doi:10.3390/ijms21031150. 

2. Koller, V.J.; Ferk, F.; Al-Serori, H.; Mišík, M.; Nersesyan, A.; Auwärter, V.; Grummt, T.; Knasmüller, S. Genotoxic properties of 

representatives of alkylindazoles and aminoalkyl-indoles which are consumed as synthetic cannabinoids. Food Chem. Toxicol. 

2015, 80, 130–136, doi:10.1016/j.fct.2015.03.004. 

3. Koller, V.J.; Zlabinger, G.J.; Auwärter, V.; Fuchs, S.; Knasmueller, S. Toxicological profiles of selected synthetic cannabinoids 

showing high binding affinities to the cannabinoid receptor subtype CB₁. Arch. Toxicol. 2013, 87, 1287–1297, doi:10.1007/s00204-

013-1029-1. 

4. Cocchi, V.; Gasperini, S.; Hrelia, P.; Tirri, M.; Marti, M.; Lenzi, M. Novel Psychoactive Phenethylamines: Impact on Genetic 

Material. Int J. Mol. Sci. 2020, 21, 9616, doi:10.3390/ijms21249616. 

5. European Monitoring Centre for Drugs and Drug Addiction (EMCDDA). European Drug Report 2020: Trends and Developments; 

Publications Office of the European Union: Lisbon, Portugal, 2020. 

6. European Monitoring Centre for Drugs and Drug Addiction (EMCDDA). European Drug Report 2018: Trends and Developments; 

Publications Office of the European Union: Luxembourg, 2018. 

7. European Monitoring Centre for Drugs and Drug Addiction (EMCDDA). EMCDDA-Europol Joint Report on a New Psychoactive 

Substance: 1-phenyl-2-(1-pyrrolidynyl)-1-pentanone (α-PVP); EMCDDA-Europol Joint Publications: Lisbon, Portugal, 2015. 

8. Klavž, J.; Gorenjak, M.; Marinšek, M. Suicide attempt with a mix of synthetic cannabinoids and synthetic cathinones: Case report 

of non-fatal intoxication with AB-CHMINACA, AB-FUBINACA, alpha-PHP, alpha-PVP and 4-CMC. Forensic Sci. Int. 2016, 265, 

121–124, doi:10.1016/j.forsciint.2016.01.018. 

9. World Health Organization (WHO). 1-phenyl-2-(pyrrolidine-1-yl)pentan-1-one (α-PVP). Critical Review Report; Expert Committee 

on Drug Dependence: Geneva, Switzerland, 2015. 

10. Zawilska, B.J.; Wojcieszak, J. α-Pyrrolidinophenones: A new wave of designer cathinones. Forensic Toxicol. 2017, 35, 201–216, 

doi:10.1007/s11419-016-0353-6. 

11. Roberts, L.; Ford, L.; Patel, N.; Vale, J.A.; Bradberry, S.M. 11 analytically confirmed cases of mexedrone use among polydrug 

users. Clin. Toxicol. 2017, 55, 181–186, doi:10.1080/15563650.2016.1271424. 



Int. J. Mol. Sci. 2021, 22, 6320 13 of 14 
 

 

12. Adamowicz, P.; Hydzic, P. Fetal death associated with the use of 3,4-MDPHP and α-PHP. Clin. Toxicol. 2019, 57, 112–116, 

doi:10.1080/15563650.2018.1502443. 

13. World Health Organization (WHO). Alpha-PHP (α-Pyrrolidinohexanophenone) or PV-7. Critical Review Report; Expert Committee 

on Drug Dependence: Geneva, Switzerland, 2019. 

14. Zaami, S.; Giorgetti, R.; Pichini, S.; Pantano, F.; Marinelli, E.; Busardò, F.P. Synthetic cathinones related fatalities: An update. 

Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 268–274A. 

15. La Maida, N.; Di Trana, A.; Giorgetti, R.; Tagliabracci, A.; Busardò, F.P.; Huestis, M.A. Review of Synthetic Cathinone-Related 

Fatalities From 2017 to 2020. Ther. Drug Monit. 2021, 43, 52–68. 

16. Uchiyama, N.; Shimokawa, Y.; Kawamura, M.; Kikura-Hanajiri, R.; Hakamatsuka, T. Chemical analysis of a benzofuran deriv-

ative, 2-(2-ethylaminopropyl)benzofuran(2-EAPB), eight synthetic cannabi-noids, five cathinone derivatives, and five other de-

signer drugs newly detected in illegal products. Forensic Toxicol. 2014, 32, 266–281, doi:10.1007/s11419-014-1238-5. 

17. Qian, Z.; Jia, W.; Li, T.; Liu, C.; Hua, Z. Identification and analytical characterization of four synthetic cathinone derivatives iso-

4-BMC, β-TH-naphyrone, mexedrone, and 4-MDMC. Drug Test. Anal. 2017, 9, 274–281, doi:10.1002/dta.1983. 

18. Pantano, F.; Tittarelli, R.; Mannocchi, G.; Pacifici, R.; di Luca, A.; Busardò, F.P.; Marinelli, E. Neurotoxicity Induced by 

Mephedrone: An up-to-date Review. Curr. Neuropharmacol. 2017, 15, 738–749. 

19. Busardò, F.P.; Kyriakou, C.; Napoletano, S.; Marinelli, E.; Zaami, S. Mephedrone related fatalities: A review. Eur. Rev. Med. 

Pharmacol. Sci. 2015, 19, 3777–3790. 

20. Dragogna, F.; Oldani, L.; Buoli, M.; Altamura, A.C. A case of severe psychosis induced by novel recreational drugs. F1000Re-

search 2016, 3, 21, doi:10.12688/f1000research.3-21.v1. 

21. Fujita, Y.; Mita, T.; Usui, K.; Kamijo, Y.; Kikuchi, S.; Onodera, M.; Fujino, Y.; Inoue, Y. Toxicokinetics of the Synthetic Cathinone 

α-Pyrrolidinohexa-nophenone. J. Anal. Toxicol. 2018, 42, e1–e5, doi:10.1093/jat/bkx080. 

22. Quesada, L.; Gomila, I.; Yates, C.; Barcelo, C.; Puiguriguer, J.; Barcelo, B. Elimination half-life of alpha-pyrrolidinovalerophe-

none in an acute non-fatal intoxication. Clin. Toxicol. 2016, 54, 531–532, doi:10.3109/15563650.2016.1166509. 

23. Umebachi, R.; Aoki, H.; Sugita, M.; Taira, T.; Wakai, S.; Saito, T.; Inokuchi, S. Clinical characteristics of α-pyrrolidinovalerophe-

none (α-PVP) poisoning. Clin. Toxicol. 2016, 54, 563–567, doi:10.3109/15563650.2016.1166508. 

24. Rickli, A.; Hoener, M.C.; Liechti, M.E. Monoamine transporter and receptor interaction profiles of novel psychoactive sub-

stances: Para-halogenated amphetamines and pyrovalerone cathinones. Eur. Neuropsychopharmacol. 2015, 25, 365–376, 

doi:10.1016/j.euroneuro.2014.12.012. 

25. Eshleman, A.J.; Wolfrum, K.M.; Reed, J.F.; Kim, S.K.; Swanson, T.; Johnson, R.A.; Janowsky, A. Structure-activity relationship 

of substituted cathinones, with trasporter binding, uptake, and release. J. Pharmacol. Exp. Ther. 2017, 360, 33–47, 

doi:10.1124/jpet.116.236349. 

26. Marusich, J.A.; Antonazzo, K.R.; Wiley, J.L.; Blough, B.E.; Partilla, J.S.; Baumann, M.H. Pharmacology of novel synthetic stimu-

lants structurally related to the “bath salts” constituent 3,4-methylenedioxypyrovalerone (MDPV). Neuropharmacology 2014, 87, 

206–213, doi:10.1016/j.neuropharm.2014.02. 

27. Senior, T.; Botha, M.J.; Kennedy, A.R.; Calvo-Castro, J. Understanding the Contribution of Individual Amino Acid Residues in 

the Binding of Psychoactive Substances to Monoamine Transporters. ACS Omega 2020, 5, 17223–17231, 

doi:10.1021/acsomega.0c01370. 

28. McLaughlin, G.; Morris, N.; Kavanagh, P.V.; Power, J.D.; Dowling, G.; Twamley, B.; O’Brien, J.; Talbot, B.; Walther, D.; Partilla, 

J.S.; et al. Synthesis, characterization and monoamine transporter activity of the new psychoactive substance mexedrone and its 

N-methoxy positional isomer, N-methoxymephedrone. Drug Test. Anal. 2017, 9, 358–368, doi:10.1002/dta.2053. 

29. Al-Serori, H.; Ferk, F.; Angerer, V.; Mišík, M.; Nersesyan, A.; Setayesh, T.; Auwärter, V.; Haslinger, E.; Huber, W.; Knasmüller, 

S. Investigations of the genotoxic properties of two synthetic cathinones (3-MMC, 4-MEC) which are used as psychoactive 

drugs. Toxicol. Res. 2016, 5, 1410–1420, doi:10.1039/c6tx00087h. 

30. Test No. 487: In Vitro Mammalian Cell Micronucleus Test. In OECD Guideline for the Testing of Chemicals; OECD: Paris, France, 

2016. Available online: https://www.oecd-ilibrary.org/environment/test-no-487-in-vitro-mammalian-cell-micronucleus-

test_9789264264861-en (accessed on 15 January 2020). 

31. Lenzi, M.; Cocchi, V.; Hrelia, P. Flow cytometry vs. optical microscopy in the evaluation of the genotoxic potential of xenobiotic 

compounds. Cytom. B Clin. Cytom. 2018, 94, 696–706, doi:10.1002/cyto.b.21546. 

32. Fowler, P.; Smith, R.; Smith, K.; Young, J.; Jeffrey, L.; Carmichael, P.; Kirkland, D.; Pfuhler, S. Reduction of misleading (“false”) 

positive results in mammalian cell genotoxicity assays. III: Sensitivity of human cell types to known genotoxic agents. Mutat. 

Res. Genet. Toxicol. Environ. Mutagen. 2014, 767, 28–36, doi:10.1016/j.mrgen-tox.2014.03.001. 

33. Tyrkkö, E.; Pelander, A.; Ketola, R.A.; Ojanperä, I. In silico and in vitro metabolism studies support identification of designer 

drugs in human urine by liquid chromatography/quadrupole-time-of-flight mass spectrometry. Anal. Bioanal. Chem. 2013, 405, 

6697–6709, doi:10.1007/s00216-013-7137-1. 

34. Negreira, N.; Erratico, C.; Kosjek, T.; van Nuijs, A.L.; Heath, E.; Neels, H.; Covaci, A. In vitro Phase I and Phase II metabolism 

of α-pyrrolidinovalerophenone (α-PVP), methylenedioxypyrovalerone (MDPV) and methedrone by human liver microsomes 

and human liver cytosol. Anal. Bioanal. Chem. 2015, 407, 5803–5816, doi:10.1007/s00216-015-8763-6. 

35. Glennon, R.A.; Young, R. Neurobiology of 3,4-methylenedioxypreovalerone (MDPV) and alpha-pyrrolidinovalerophenone (α-

PVP). Brain Res. Bull. 2016, 126 Pt 1, 111–126, doi:10.1016/j.brainresbull.2016.04.2011. 



Int. J. Mol. Sci. 2021, 22, 6320 14 of 14 
 

 

36. Paul, M.; Bleicher, S.; Guber, S.; Ippisch, J.; Polettini, A.; Schultis, W. Identification of phase I and II metabolites of the new 

designer drug α-pyrrolidinohexiophenone (α-PHP) in human urine by liquid chromatography quadrupole time-of-flight mass 

spectrometry (LC-QTOF-MS). J. Mass Spectrom. 2015, 50, 1305–1317, doi:10.1002/jms.3642. 

37. Matsuta, S.; Shima, N.; Kakehashi, H.; Kamata, H.; Nakano, S.; Sasaki, K.; Kamata, T.; Nishioka, H.; Miki, A.; Zaitsu, K.; et al. 

Metabolism of α-PHP and α-PHPP in humans and the effects of alkyl chain lengths on the metabolism of α-pyrrolidinophenone-

type designer drugs. Forensic Toxicol. 2018, 36, 486–497, doi:10.1007/s11419-018-0428-7. 

38. Carlier, J.; Diao, X.; Giorgetti, R.; Busardò, F.P.; Huestis, M.A. Pyrrolidinyl Synthetic Cathinones α-PHP and 4F-α-PVP Metab-

olite Profiling Using Human Hepatocyte Incubations. Int. J. Mol. Sci. 2020, 22, 230, doi:10.3390/ijms22010230. 

39. Zhou, X.; Luethi, D.; Sanvee, G.M.; Bouitbir, J.; Liechti, M.E.; Krähenbühl, S. Molecular Toxicological Mechanisms of Synthetic 

Cathinones on C2C12 Myoblasts. Int. J. Mol. Sci. 2019, 20, 1561, doi:10.3390/ijms20071561. 

40. Valente, M.J.; Amaral, C.; Correia-da-Silva, G.; Duarte, J.A.; Bastos, M.L.; Carvalho, F.; Guedes de Pinho, P.; Carvalho, M. 

Methylone and MDPV activate autophagy in human dopaminergic SH-SY5Y cells: A new insight into the context of β-keto 

amphetamines-related neurotoxicity. Arch. Toxicol. 2017, 91, 3663-3676, doi:10.1007/s00204-017-1984-z. 

41. Valente, M.J.; Bastos, M.L.; Fernandes, E.; Carvalho, F.; Guedes de Pinho, P.; Carvalho, M. Neurotoxicity of β-Keto Ampheta-

mines: Deathly Mechanisms Elicited by Methylone and MDPV in Human Dopaminergic SH-SY5Y Cells. ACS Chem. Neurosci. 

2017, 8, 850–859, doi:10.1021/acschemneuro.6b00421. 

42. Kamińska, K.; Noworyta-Sokołowska, K.; Górska, A.; Rzemieniec, J.; Wnuk, A.; Wojtas, A.; Kreiner, G.; Kajta, M.; Gołem-

biowska, K. The Effects of Exposure to Mephedrone During Adolescence on Brain Neurotransmission and Neurotoxicity in 

Adult Rats. Neurotox. Res. 2018, 34, 525–537, doi:10.1007/s12640-018-9908-0. 

43. De Hondt, H.A.; Fahmy, A.M.; Abdelbaset, S.A. Chromosomal and biochemical studies on the effect of kat extract on laboratory 

rats. Environ. Mutagen. 1984, 6, 851–860, doi:10.1002/em.2860060611.  

44. Tariq, M.; Parmar, N.S.; Qureshi, S.; el-Feraly, F.S.; Al-Meshal, I.A. Clastogenic evaluation of cathinone and amphetamine in 

somatic cells of mice. Mutat. Res. 1987, 190, 153–157, doi:10.1016/0165-7992(87)90048-0.  

45. Qureshi, S.; Tariq, M.; el-Feraly, F.S.; al-Meshal, I.A. Genetic effects of chronic treatment with cathinone in mice. Mutagenesis 

1988, 3, 481–483, doi:10.1093/mutage/3.6.481.  

46. Chatterjee, N.; Walker, G.C. Mechanisms of DNA damage, repair, and mutagenesis. Environ. Mol. Mutagenesis 2017, 58, 235–

263, doi:10.1002/em.22087. 


